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PPEFACE 


For  a little  over  a o«c^,  there  has  been  considerable  public  and  scientific  interest  in  the 
question  as  to  whether  man  cm  inadvertently  mo<Mfy  the  stratosphere  and  in  particular  the 
oione  layer  aiiowii^  biob^ally  harmful  ultraviolet  racKatbn  to  reach  the  ground.  Specifb 
reports  on  the  impact  oi  emission  by  the  supersonic  transport  in  the  stratosphere  and  the 
release  chbrofluorometharres  in  the  tropospher*  *'ave  been  published  by  individual  nations, 
the  Commission  for  the  European  Communities,  th  -^nitation  for  Economic  Cooperation  and 
Development,  the  United  Nations  Environmeru  Progratrt,  md  the  World  Meteorobgicai 
Oiganization.  In  December  1900,  officials  from  the  World  Meteorological  Organization  and  three 
United  ^ates  government  ancles,  the  National  Aeronautics  and  Space  Administration,  the 
Federal  Aviation  Administration,  and  the  National  Oceanic  and  Atmospiwric  Administration  agreed 
to  sponsor  Jointly  a scientific  workshop  to  summarize  the  present  state^of-knowiedge  of  the 
stratosphere  and  to  assess  tiw  totality  of  man's  intact. 

The  Goddard  Space  Flight  Center  of  the  National  Aeronautics  and  Space  Administration  was  asked 
to  organize  the  workshop,  which  was  held  May  18-22,  1981.  The  workshop  was  centered  around 
three  working  groups  corresponding  to  the  three  chapters  in  the  report.  These  three  were  a 
Tra<^  Species  Working  Group  chaired  by  Ur.  Dieter  Ehhalt  of  the  institut  fur  Chemie  der  KFA, 
liilich.  Federal  Republic  of  Germany,  a Multidimensional  Aspects  Working  Group  chaired  by  Dr. 
lames  Holton,  Washington  University,  Seattle,  Washington,  USA,  and  a Trends  and  Predictions 
Working  Group  chaired  by  Dr.  Julius  Chang,  Lawrence  Livermore  National  Laboratory,  Livermore, 
California,  USA.  Five  pre-workshop  meetings  were  also  held  to  address  specific  problems  or  to 
organize  the  written  inputs  to  the  workshop.  These  were  a Modeling  Working  Group  under  the 
chairmanship  of  Dr.  Chang,  a Trace  Species  Working  Croup  under  the  chairmanship  of  Dr. 
Ehhalt,  a Solar  Flux  Working  Group  under  the  chairmanship  of  Dr.  |ohn  Frederick,  Goddard  Space 
Flight  Center,  USA,  a Trends  Working  Group  under  the  chairmanship  of  Dr.  Julius  Lonckvn, 
University  of  Colorado,  Boulder,  Colorado,  USA,  and  a Joint  NASAA^ODATA  Working  Group  under 
the  joint  chairmanship  of  Dr.  William  DeMore  of  the  let  Propulsion  Laboratory,  California,  USA, 
and  Dr.  |.  Alistair  Kerr,  University  of  Birmingham,  United  Kingdom.  The  findings  of  the  Solar 
Flux  Working  Croup  and  the  Reaction  Rate  Working  Group  have  been  placed  in  appendices  to  this 
report.  The  overall  direction  of  the  workshop  was  under  the  joint  chairmanship  of  Dr.  K.  D. 
Hudson  of  the  Goddard  Space  Flight  Center  and  Dr.  Rumen  Bojkov  of  the  World  Meteorological 
Organization.  Dr.  Richard  Stoiarski,  Dr.  Marvin  Gelier,  and  Mrs.  Edith  Reed,  ail  of  the  Goddard 
Space  Flight  Center,  and  Dr.  Robert  Watson,  Upper  Atmosphere  Program  Office,  National 
Aeronautics  and  Space  Administration  were  the  co-chairman  for  the  workshop  and  fur  the 
production  of  the  report. 

Each  working  group  was  further  subdivided  and  prominent  scientists  active  and  expert  in  strato- 
spheric and  mesospheric  studies  were  asked  to  prepare  position  papers  to  cover  selected  topics 
of  research.  In  addition  to  the  prepared  position  papers,  pre-meetings,  as  discussed  above,  were 
held  to  assemble  some  of  this  material  into  a cohesive  report.  The  position  papers  and  these 
prepared  reports  were  furnished  to  the  participants  before  they  came  to  the  workshop.  An 
important  aspect  of  this  work  was  that  the  modeling  groups  agreed  on  a common  set  of 
scenarios  to  study  so  that  realistic  model  comparisons  could  be  made  at  the  workshop. 

Ov^r  100  scientists  representing  most  of  the  institutions  in  the  world  engaged  in  upper 
atmospheric  research  attended  the  workshop.  A corr^lete  list  of  the  position  paper  authors  and 
the  participants  in  the  workshop  and  in  the  pre-workshop  n>?etings  is  given  in  an  appendix.  At 
the  end  of  the  workshop  each  working  group  prepared  a summary  document  and  these  have  been 
assembbd  into  this  report.  Thus  this  report  should  represent  current  knowledge  as  of  lune 
1981. 
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The  basic  theme  for  the  workshop  and  the  report  was  the  comparison  of  theory  and 
measurement.  Thus  in  Chapter  1 measurements  of  trace  species  are  compared  with  theoretiari 
estimates;  the  similarities  and  the  dfferences  between  these  two  s^s  of  results  are  discussed  in 
terms  of  the  implications  to  the  assessments  found  in  Chapter  3.  in  Chapter  2 the  available 
satellite  data  are  compared  with  the  prediction  of  two-dimensional  and  three-dimensional 
models.  In  Chapter  3 the  theoretical  pr^ictlons  are  compared  with  long  term  trends  in  both 
coliKnn  content  and  altitude  profile  of  ozone  as  observed  from  ground-based  and  satellite 
instruments.  It  should  be  stressed  that  this  is  not  a consensus  document.  If  more  than  one 
conclusion  could  be  maintained  by  the  scientific  data,  then  both  of  these  conclusions  have  been 
quoted.  It  is,  after  all,  a signifkrant  test  of  the  present  state-of-knowledge  if  more  than  one 
scientific  conclusion  can  be  drawn  from  the  same  experimental  data. 

The  World  M^eorological  Organization,  the  National  Aeronautics  and  Space  Administration,  the 
Federal  Aviation  Administration,  and  the  National  Oceanic  and  Atmospheric  Administration  wish 
to  express  their  thanks  to  the  working  group  chairman,  the  position  paper  authors,  and  the 
participants  at  both  the  pre-workshop  meetings  and  the  workshop  for  the  time  and  effort  that 
they  contributed  to  the  preparation  of  this  report. 
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TRACE  SPECIES 


INTRODUCTION 


The  elements  of  a qualitative  understanding  of  the  stratosphere  date  back  more  than  half  a cen- 
tury to  Clu9>man's  pioneering  work  that  explained  the  existence  of  the  stratospheric  ozone 
layer:  Photolysis  of  <wygen  in  the  Herzberg  continuum,  recombination  of  O with  O2  to  form  O3, 
ozone  photolysis  from  about  240  to  300  nm  thereby  heating  the  stratosphere  and  inverting  its 
temperature  profile,  and  the  odd-oxygen  destruction  reaction,  O O3  O2  O2,  four  reactions  in 
ail,  sufficed  to  provide  a general  picture.  Extension  and  elaboration  foliowert  first  in  20-year 
intervals  and  then  more  closely  spaced:  HO^  chemistry  by  Bates  and  Nicolet  in  1960,  NO^ 
chemistry  by  Crutzen  (1^)  and  by  lohnston  in  1971,  dO^  chenistry  by  Stoiarski  and  Cicerone 
(1974)  and  Wofsy  and  McElroy  (1974),  until  the  present  time  when  the  number  of  chemical  species 
has  passed  35  and  the  number  of  reactions  130. 

The  story  is  both  interesting  and  familiar,  at  least  in  historical  outline.  As  a truly  global  problem 
of  potential  anthropogenic  pollution  of  the  atmosphere  it  has  captured  our  xnagination.  A series 
of  possible  sources  of  pollutants  has  been  considered:  supersonic  transport  engine  exhaust 
(NO^),  chlorofluoromethane  photolysis  and  degradation  (CIO^),  nuclear  bomb  tests  (NO^),  rocket 
engine  exhaust  (CIO^),  fertilizer-induced  N2O  (NO,(),  and  diverse  nalocarbons  (CIO^,  BrO^). 

The  perceived  threat  of  an  anthropogenic  reduction  of  the  Earth's  ozone  shield  generated  an 
active  program  of  research  in  many  countries,  directed  both  towards  a fuller  understanding  of 
the  natural  stratosphere  and  of  its  perturbation.  This  program  faced  the  formidable  task  of 
bringng  together  and  elucidating  many  different  aspects  of  the  problem:  to  help  understand  the 
transport  and  dynamics  of  the  stratosphere  its  compbx  chemistry  atKi  photochemistry,  the 
intensity  and  variability  of  solar  radiation,  to  describe  tlie  delicate  interplay  these  disciplines 
using  mathematical  models,  and  then  to  verify  this  understanding  through  elaborate  field  measure- 
ments of  trace  species  concentrations.  Even  so,  it  is  not  enough  to  examine  the  stratosphere  in 
isolation,  since  both  its  dyrramics  and  its  chemistry  are  lirritcKl  with  those  of  the  troposphere. 
This  requires  the  understanding,  measurement,  and  modeling  of  tropospheric  processes  as  well. 

The  outpouring  of  work  on  all  aspects  of  this  large  problem  during  the  past  decade  has  been 
remarkable  and  its  progress  has  been  summarized  and  reviewed  at  regular  intervals  (CIAP  1975b, 
NAS,  1975,  1976  and  1979,  NASA  1977  and  1979).  It  revolves  principally,  but  not  exclusively, 
around  ozone,  its  formation  and  removal  \t/  catalytic  sets  of  chain  reactions  whose  net  effects 
arc  er^ivaient  to  the  odd-oxygen  distribution  steps: 

O ♦ O3  ^202 

O3  ♦ O3  -*■  3O2 

The  families  of  trace  species  involved  in  these  processes  are  best  characterized  in  terms  of  three 
categories:  source  gases,  active  radicals,  and  sink  gases.  The  active  radicals  take  part  directly  in 
the  odd  oxygen  remcval  processes,  they  ve  produced  from  relatively  stable  source  species,  and 
they  are  themselves  removed  via  the  formation  of  more  or  less  stable  sir^c  gases  that  are  ulti- 
mately removed  from  the  atmosphere.  For  the  NO^  trace  species  the  active  radicals  are  NO 
and  NO2  and  the  principal  catalytic  cycle  is  the  well-known  sequence: 
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NO  ♦ O3  NO5  ♦ P2 
N(^  ♦ O -*>  NO  ♦ O2 


Net  O ♦ O3  2O2 

The  source  gis  is  N2P  and  the  main  sink  pses  are  HNO3,  HNO4,  and  CINO}*  For  CK)^  traM 
spedes,  the  list  ol  source  pses  is  long;  inclucRng  CFCI3,  CF2Cl2f  CCI4,  CH3CI,  CH3CCI3,  and 
<Mher  halocarbon  compounds,  the  active  rarMcais  Me  Cl  and  CIO,  and  the  sink  pses  are  HCI, 
HOC  I,  and  CIMO3.  The  catalytic  cycles  are  interlocked  through  fast  exchanp  reactions,  and  the 
sink  pses  are  capable  of  regerterating  active  radical  species  through  chemical  and  photolytic 
steps. 

Exan^>les  radical  interchanp  reactions  are 
CIO  ♦ NO  - Cl  ♦ NO2 
HOj  ♦ NO  -►  HO  ♦ NO2 
and  of  radicd  regeneration  reactions 

HO  ♦ HCI  H2O  ♦ Cl 
HNO3  ♦ hv  HO  ♦ NO2 

To  set  the  stap  for  the  critical  cMscussion  of  the  measurement  of  trace  ps  species  and  for  the 
comparison  with  mathematical  model  calculations  k is  desirable  to  provide  a framework  that 
permits  one  to  recopize  which  of  the  catalytic  eyebs  and  chemical  steps  are  more  or  less  irmx>r- 
tant  to  our  overall  understanding  of  stratospheric  processes.  Figures  1-1, 1-2,  and  1-3  show  the 
source,  radical,  and  sink  species  for  the  HO^  (Figure  1-1),  NO^  (Figure  1-2),  and  ClOx  (Figure  1-3) 
cycles  and  thdr  reactive  interconnections.  The  numbers  within  the  boxes  are  the  molecular 
concentrations  of  the  species  in  molecules/cm^.  The  numbers  within  the  arrows  are  the  reaction 
fluxes  in  molecules/cm^-sec.  B<Mh  sets  of  numbers  refer  to  an  dtitude  of  30  km,  rroon  local 
time,  and  mid-latitude.  Tie  relative  magnitudes  of  the  concentrations  and  of  the  fluxes  permit 
us  to  appreciate  at  a glance  the  importance  of  species  and  of  specific  processes.  The  lifetime  of 
any  species  for  a given  process  is  obtained  by  dividing  the  species  concentration  by  the  flux  for 
that  process.  The  chemical  and  photochemical  rate  parameters  used  in  this  calculation  are  those 
of  the  most  recent  recommendation  by  the  NASA/COOATA  Panel  for  Data  Evaluation  of 
Laboratory  Measurements  ^ven  in  Appendix  A of  this  report. 

The  relative  contribution  of  the  various  catalytic  cycles  to  the  removal  of  odd  oxygen  as  a func- 
tion of  altitude  is  shown  in  Table  1-1,  based  again  on  one-dimensional  model  calculations.  Each 
column  lists  the  local  rate  of  a given  removal  process  normalized  to  the  local  rate  of  odd  oxygen 
production  by  oxygen  photolysis.  The  column  headings  indicate  the  rate-limiting  step  in  a given 
catalytic  cycle.  For  example,  in  the  NOx  cycle,  the  NO  ♦ O3  rate  is  much  larger  than  the  NO2  * O 
rate,  since  NO2  photolysis  regenerates  odd  oxygen.  The  rate  of  odd  oxygen  destruction  due  to 
the  NOx  catalytic  cycle  is  therefore  2k|s|02  t^l  where  the  square  brackets  denote  molecular 

concentrations  and  I^q.  is  the  rate  connant  for  the  O * NO2  reaction  at  the  temperature  corre- 
sponding to  that  altitude.  The  factor  of  two  arises  from  the  destruction  of  O3  by  NO  O3  in  the 
corr^letion  of  one  cycle  in  the  homogeneous  catalysis. 
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Note:  All  perctnUfts  v«  relative  to  tlte  photolytic  production  rate  of  odd  oxygen  and  do  not  include 
transport  sources  or  sinks.  At  the  upper  altitude  range,  the  contributions  from  a catalytic  cycle 
involving  (H,  HO,  HO.>)  were  not  tabulated. 
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The  fractional  destruction  rates  add  up  approximately  to  unity  at  each  rititude  as  they  must  in  a 
steady-state  model  calculation.  The  apportioning  among  the  differeiR  catalytic  cycles  cannot  be 
used,  however,  to  calculate  the  effea  of  increasing  source  gas  concentrations,  because  the 
addition  of  one  given  trace  species  family  affects  the  distribution  of  ail  other  families  among  its 
radical  and  sink  species. 

The  presentation  of  stratospheric  measurement  data  is  predicated  on  certain  principles  of  critical 
evaluation  and  selection.  To  be  included  in  the  graphs  to  follow,  data  had  to  be  obtained  fay 
well  established  and  properly  documented  measurement  techniques.  Moreover,  it  was  required 
that  these  techniques  were  continuously  used  and  checked  in  series  of  experiments  to  show 
instrumental  reproducibility  under  field  conditions.  For  those  trace  species  where  many  data  sets 
meeting  these  criteria  were  available,  a representative  subset  of  all  data  may  be  shown  in  the 
interest  of  clarity  of  presentation.  The  important  r^estion  of  measurement  uncertainties  is 
treated  individually  in  the  various  sections  of  this  chapter.  To  provide  a feel  for  measurement 
variance,  the  graphs  show  individual,  original  data  points  wherever  possible. 

Finally,  while  it  is  unfortunate  that  ozone  concentration  monitoring  alone  cannot  be  relied  on, 
due  to  its  extreme  spatial  and  temporal  variability,  to  permit  the  assessment  of  pollution  effects, 
the  rich  harvest  of  our  understanding  of  atmospheric  processes  justifies  the  large  scientific 
effort.  As  this  chapter  shows,  the  present  requirements  are  rigorous:  to  identify,  understand, 
predict,  and  measure  all  the  important  trace  species  and  thereby  to  attain  a detailed  insight  into 
the  chemical  and  dynamical  properties  of  the  stratosphere. 

TROPOSPHERIC  SOURCE  GASES 


The  purpose  of  this  section  is  to  update  the  information  previously  published  in  NASA  RP  1049. 
The  information  is  summarized  in  Table  1-2,  with  short  comments  in  the  text  where  appropriate. 
The  fourth  and  fifth  columns  contain  the  best  estimates  of  representative  values  for  the  two 
hemispheres.  In  many  cases,  the  value  for  the  Southern  Hemisphere  is  obtained  by  a combination 
of  a relative  latitude  profile  with  one  or  a few  absolute  determinations  at  a northern  site.  For 
some  of  the  more  exotic  gases,  only  one  or  a few  measurements  exist;  these  cases  are  called  out 
in  the  remarks  column.  The  references  are  not  comprehensive,  and  are  intended  as  an  initial 
guide  to  the  literature. 

NITROGEN  COMPOUNDS 

Two  major  questions  regarding  N2O  were  debated  but  could  not  be  resolved  in  NASA  RP  1049. 
These  were  (1)  what  is  the  absolute  concentration  of  N2O  in  the  troposphere,  and  (2)  is  it 
changing  steadily? 

In  the  recent  past  the  background  tropospheric  N2O  concentration  has  been  measured  to  be 
between  290  and  350  ppb.  While  no  firm  agreement  exists  a majority  of  investigators  currently 
report  N2O  levels  in  the  range  of  295  to  315  ppb.  The  notable  exception  is  the  data  of  Rasmussen 
et  al.  (1981)  who  report  N2O  levels  of  330  to  335  ppb.  A number  of  investigators  are  now 
updating  their  earlier  data  and  report  N2O  levels  between  300  to  305  ppb.  Given  the  direction  of 
change  it  is  reasonable  to  suggest  that  the  best  estimate  of  the  background  N2O  concentration  is 
in  the  range  of  300  to  310  ppb. 

More  important  than  the  question  of  absolute  concentration,  is  the  nature  of  the  temporal 
trends.  Until  early  1960  no  conclusive  evidence  of  either  increase  or  a decrease  in  N2O 
concentration  was  available.  It  was,  however,  evident  from  avaiiable  data  that  the  change  in  N2O 


Table  1-2 

Atmospheric  Budgets 
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Table  1-2 

Atmospheric  Budgets  (continued) 


TRACE  SPECIES 


1-7 


i 

1 

1 

! S it 

‘‘  Hi  1 

l’{m 

lilllil!  ill!  i 

1 

1 

4i- 

illii 

i i|=i 

um\ 

111 

- “ 

1 c , ? 11  i» 

H 

8 sal 

© o o “ ^ 

vs  X X — o — ws 

■ 

2 ® 2 £ 

' 

— f«4 

m VI  vsQ©^  «s«r«r« 

■ 

[ ^ ^ 
i H 

§ § S 

ii  8 ti  Sibii  S8S 

« 

A 

ri 
< 0 

> 

E- 

i 

1 { 1 

i ? i 

\ 

i 1 til 

1 ~~ 

m 

ihllf  1 

1 

1 7 <<< 

< 

Z X < X Z X 

1 * X 

1 € finis' 

g'  ? # 8 i 

I 

1 ii! 

1 

j ^ 
58 

k 

1-8 


THE  STRATOSPHERE  1981;  THEORY  AND  MEASUREMENTS 


l^eis  over  the  last  3 or  4 years  was  less  than  tO.SVyear.  N2O  levels  appeared  to  be  uniform 
around  the  globe  with  a possibility  of  slightly  higher  N2O  values  in  the  Southern  Hemisphere* 

The  recent  availabiiity  of  N2O  data  f''om  Weiss  (1981)  has  provided  a more  rigorous  quantitative 
reiationship  on  the  growth  and  the  hemispheric  gradients  of  N2O.  Figure  1-4  shows  the 
distribution  of  N2O  in  the  two  hemispheres.  Ali  data  are  normalized  to  January  1,  19!^.  Figure 
1-5  shows  the  N2O  trend  over  the  last  two  decades*  Weiss  (1981)  draws  the  following 
conclusions: 

• N2O  levels  in  the  Northern  Hemisphere  are  on  the  average  greater  than  the  Southern 
Hemispheric  levels*  The  difference  is  statistically  significant  and  is  estimated  to  be  0*8  t 0*2 
ppb* 

• Atmospheric  N2O  concentration  is  increasing  slowly*  During  the  period  1976  to  1960  a rate  of 
increase  of  0*5  t 0*1  ppb/year  (for  January  1,  1978)  or  0*2%/year  was  determineu* 

• With  the  help  of  a simplified  model  it  is  estimated  that  the  N2O  concentration  in  the 
preindi'*^trial  unperturbed  troposphere  was  between  281  and  291  ppb  or  about  3 to  5%  bebw 
its  current  value*  The  concentration  of  N2O  by  the  year  2000  is  projected  to  be  5 to  7%  above 
the  present  vaiue  (l*e*,  315  to  320  ppb)* 

Weiss  presents  limited  evidence  that  N2O  is  emitted  by  certain  combustion  sources*  But  there  is 
little  doubt  that  the  dominant  source  is  biological,  and  this  source  too  has  the  potential  of 
increasing  with  time. 
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Figure  1-4. 


Latitudinal  distribution  of  nitrous  oxide. 
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Figure  1 -S.  Growth  of  nitrout  oxide  over  the  lest  two  decedes. 


Understanding  of  N2O  has  improved  considerably  over  the  past  2 years.  Indictfions  are  that  the 
biological  source  is  dominated  by  nitrification  (oxidation  of  NH4)  rather  than  denitrification 
(reduction  of  NO3).  The  yield  of  N2O  referenced  with  respect  to  oxidation  of  NH4  is  about  0.03% 
at  high  oxygen  levels,  but  more  than  10%  at  low  oxygen  levels,  a nonlinearity  which  deserves 
continuing  attention.  The  growth  rate  is  thought  to  include  contributions  both  from  combustion 
and  biological  oxidation. 

SULFUR  COMPOUNDS 

Concentrations  of  COS,  CS2,  SO2  and  H2S  are  given  in  Table  1-2.  The  tropospheric  distributions 
of  SO2  (Maroulis  et  al,,  1980)  and  COS  (Torres  et  al.,  1980)  are  shown  in  Figures  1-6  and  1-7. 
Reaction  with  HO  is  thought  to  provide  the  major  sink  for  H2S  and  for  SO2  in  remote  areas  (e.g. 
Sze  and  Ko,  1980;  Logan  et  al.,  1979).  Sources  and  sinks  for  COS  and  CS2,  and  sources  for 
background  SO2  are  not  well  understood  at  present.  Recent  kinetic  measurements  suggest  that 
the  rates  for  reaction  of  HO  with  COS  and  CS2  are  rather  slow  (Ravishankara  et  al..  Wine  et  al., 
1960;  Iyer  and  Rowland,  1960),  in  contrast  to  earlier  studies  (e.g.,  Kurylo,  1978).  If  the  new 
measurements  are  correct,  reaction  with  tropospheric  HO  provides  a negligibly  slow  removal 
mechanism  for  CS2  and  COS.  The  uniform  rlstribution  of  COS  in  the  troposphere  (see  Figure 
1-7)  is  consistent  with  a rather  long  lifetime  for  the  gas.  However  concentrations  of  CS2  are 
highly  variable  (Maroulis  and  Bandy,  1980)  suggesting  a short  lifetime  for  this  species.  Reaction 
of  C$2  with  atonic  oxygen  (Sze  and  Ko,  1961)  and  reactions  of  electronically  excited  C$2  (Wine  et 
al.,  1981a)  have  been  proposed  as  sinks  for  CS2  and  sources  for  COS.  These  proposals  ve 
speculative,  and  the  budgets  of  the  sulfur  species  remain  poorly  defined. 


CONCENTRATION  (pptv) 
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HALOQENATEO  COMPOUNDS 


Information  about  halofent  in  the  atmosphere  was  reviewed  recently  by  Cicerone  (1961)  and 
lesson  (1960).  The  concentrations  of  the  hatocarbons  are  given  in  Table  1-2.  Recent  measure- 
ments and  budget  analyses  of  (Afferent  species  are  summarized  below. 

M^hyi  Chloride  (CH3CI) 

Singh  et  ai.  (1979)  found  concentrations  of  CH3CI  nearly  uniform  with  latitude  during  a Pacific 
cruise  in  November  1977.  They  reported  concentrations  of  61St100  pptv.  Measurements  by 
Rasmussen  et  al.  (1980b)  over  the  Pacific  Ocean  suggest  that  the  concentration  of  CH3CI  is 
higher  In  the  boundary  layer  than  In  the  free  troposphere  (~780  pptv  vs,  ~620  pptv)  at  equatorial 
latitudes.  Concentrations  measured  over  the  North  American  continent,  however,  were  indepen- 
dent of  altitude.  Observations  of  CH3CI  at  several  remote  locations  (Alaska,  Oregon,  Hawaii, 
Samoa,  the  South  Pole)  are  consistent  with  data  from  the  latitudinal  surveys  (Rasmussen  et  al., 
1980b).  There  is  no  evidence  for  a tenoral  trend  In  CH3CI  (Rasmussen  et  al.,  1980b);  Singh  et 
at.,  1961). 


The  major  sources  for  methyl  chloritie  are  thought  to  be  the  world's  oceans  and  the  burning  of 
vegetation  (Lovelock,  1975;  Singh  et  al.,  1979;  Watson  et  al.,  1980;  Rasmussen  et  al.,  1980b). 
Yields  of  CH3CI  measured  relative  to  CO2  in  a forest  fire  (Crutzen  et  al.,  1979)  and  in  laboratory 
combustion  experiments  (Rasmussen  et  al.,  1960b)  vary  by  two  orders  of  magnitude.  Elevated 
concentrations  of  CH3CI  have  been  observed  in  volcanic  emissions  (Rasmussen  et  al.,  1980b). 
Industrial  manufacture  of  CH3CI  provides  a small  fraction  of  the  global  source  strength.  Methyl 
chloride  is  removed  from  the  atmosphere  by  reaction  with  HO,  with  a lifetime  of  —1  year  accord- 
ing to  Current  models  for  tropospheric  chemistry.  The  global  removal  rate  for  CH3CI  by  reaction 
with  HO  is  5x10^2  y^-l  (Logan  et  al.,  1981).  This  estimate  is  within  the  range  of  source 
strengths  given  by  Watson  et  a!>  (1980),  who  favor  the  ocean  as  the  ciomlnant  source  for  CH3CI. 
The  observed  yields  of  CHjCl  In  combustion  may  be  combined  with  figures  for  global  biomass 
burning  (3x10'*5  gm  C yr  Crutzen  et  al.,  1979-  Logan  et  al.,  1961)  to  estinrjate  a range  for  the 
associated  source  of  CH3CI,  2.5x10"*®  to  2.5x10'*2  gm  yr"^.  Hence  combustion  could  be  a major 
source.  More  work  is  needed  to  resolve  the  question. 


Chlorofluorocarbons  (CCI2F2.  CCI3F) 


Measurements  of  CCI2F2  and  CCI3F  in  the  troposphere  taken  over  the  past  decade  are 
summarized  in  Figures  1-8  and  1-9.  The  concentrations  of  both  compounds  continue  to  increase 
at  a rate  of  about  10%  per  year.  Data  from  individual  research  groups  ere  shown  by  different 
symbols  in  the  figures.  Discrepancies  between  different  groups  (e.g.,  Rasmussen  et  al.,  19B1a,b 
and  Singh  et  al.,  1979)  were  discussed  in  NASA  RP  1049.  The  majority  of  the  data  for  the 
Northern  Hemisphere  were  taken  at  mid-latitudes.  The  locations  of  the  sruthem  measurements 
include  Brazil,  Australia  and  the  South  Pole.  Two  programs  have  been  established  to  monitor 
concentrations  of  CCI3F  and  CCI2F2  in  remote  locations;  the  Atmospheric  Lifetime  Experiment, 
sponsored  by  the  Chemical  Manufacturers  Association,  and  the  NOAA-CMCC  program.  These 
networks  have  been  operating  since  1978  and  1977,  respectively.  The  data  have  not  yet  been 
published. 
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Figure  1-8.  Measurements  of  CCI^F  in  the  Northern  and  Southern  Hemispheres  as  a function  of 

time.  Each  symbol  represents  data  from  a different  group  of  investigators;  • (30*-90*|,  O (0-30*), 
I , Lovelock  (1971, 1972,  1974),  Lovelock  et  al.  (1973),  Pack  et  at  (1977),  NASA  RP  1049 
(1979);  A (M*-90*).  A (0-30’)  Wilkness  et  al.  (1973, 1975a,  1975b,  1978);  ® Zafonteetal. 
(1975),  Hester  etal.  (1975),  0 Hcidt  at  al.  (1975,  ■ Singh  et  al.  (1971,  1977b,  1979), 

4 Grimsrud  and  Rasmuuen  (1975),  Robinson  et  al.  (1976),  Cronn  et  al.  0977),  Pierotti  et  al. 
(1978),  Rasmussen  et  al.  (IMIa  & b);  X Fraser  and  Pearman  (1978);  + Tyson  et  al.  (1978) 

▼ Krey  et  al.  0977);  • Goldan  et  al.  (1980).  The  solid  lines  show  results  of  the  model 
calculations  of  Logan  et  al.  (1981 ) which  use  release  rates  for  CCI3F  and  CCI2F2  given  by  Bauer 
(1979).  The  .Tiodel  assumes  that  90%  of  the  release  takes  place  in  Northern  Hemisphere.  Model 
results  are  mean  hemispheric  values. 
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Figure  1 9 Meabutements  of  0012^2  'f’  Northern  and  Southern  Hemispheres  as  a function  of 

time.  Each  symbol  represents  data  from  a different  group  of  investigators;  • (30*-90*),  O (0-30°), 
I . Lovelock  (1S71.  1972,  1974),  Lovelock  et  al.  (1973),  Pack  et  al.  (1977),  NASA  RP  1049 
(1979),  A (30*90°)  (0-30°)  Wilknessetal.  (1973,  1975a,  1975b,  1978);  8 Zafonteetal. 

(1975),  Hester  et  al.  11975),  0 Heidt  et  al.  (1975;  ■ Singh  et  al.  (1971,  1977b,  1979); 

4 Gnmsrud  and  RasrT.o:>$en  (1975),  Robinson  et  al.  (1976),  Cronn  et  al.  (1977),  Pierotti  et  al. 
(1978),  Rasmussen  et  al,  (1981a  & b);  V Fraser  and  Pearman  (1978);  + Tyson  et  al.  (1978) 

▼ K.rey  et  al.  (1977);  • Goldan  ei  al.  (1980).  The  solid  lines  show  results  of  the  model 
calculations  of  Logan  et  al.  (1981)  which  use  release  rates  for  CCIjF  and  CCI2P2  9'^*^  Bauer 
11979).  The  model  assumes  that  90%  of  the  release  takes  place  in  Northern  Hemisphere.  Model 
• esuits  are  mean  hemispheric  values. 
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DtU  for  Induttrl^  producttoo  ir4  for  !«)«•$•  to  ^ two»pf>»ro  of  €0121^2  CC^F  g¥B« 
fiy  MeCartHjr  at  1977  (m»  Bmm,  Ifn^  for  racant  corfactkmt).  RacwM  figum  for  production 
and  lalaasa  are  gvan  beiow  in  Table  1-3  (CMA,  19®1). 


TbMil-3 

hodiictioa  Md  Main  Kmm  ^ FC-1 1 and  FC-12 


Ye« 

Ca,F(FCIl) 

Ca2Fj(FC'l2)  ' 

Pioductioa 

RriNii 

Ptoductfon 

Ralam 

1 

1975 

323J 

312:9 

4164 

4I2J0 

s 

1976 

349:9 

304.1 

449J 

395,7 

1977 

m2 

3064 

4244 

3764 

i9T% 

m2 

291J0 

414.1 

3474 

1979 

302X) 

272 JO 

400J 

336 JO 

1980 

m2 

2574 

393  4 

333.7 

Units;  lO^pnyri 


Annual  release  of  CCI3F  and  CCI2F2  has  been  decreasing  slowly  since  1974.  Production  of  these 
compounds  In  the  U«S.  decreased  45%  between  1^4  and  1979. 

The  major  removal  process  for  CCI3F  and  CCI2F2  Is  photolysis  In  the  stratosphere.  Tropospheric 
removal  processes  of  comparable  efficiency  have  not  been  Identified.  A recent  report  cortcluded 
that  destruction  of  these  species  by  either  photodecorrrposltlon  or  thermally  Induced  decom- 
position on  desert  sands  Is  unlikely  to  be  Important  (NAS,  1979).  Measurements  of  the  Increasing 
atmospheric  burden  of  CCIjF  and  CCI2F2  are  generally  consistent  with  this  view,  but  some 
uncertainties  remain.  Hata  for  CCI3F  from  Mauna  Loa  and  Tasmania  were  rmalyzed  by  Hyson  et 
ai.  (I960)  using  a two-dimensional  transport  model.  They  cotKiuded  th<d  the  rate  of  increase  of 
CCI3F  In  the  past  2 to  3 years  exceeds  that  which  should  have  occurred  given  the  relrase  data. 
Simila.iy,  an  analysis  of  budgets  for  CCI3F,  based  on  a four-box  model  indicates  that  tlte  release 
data  cannot  quite  account  for  amcentratlons  measured  In  recent  years  by  Rasmussen  and 
coworkers  (Logan  et  al.,  1901;  see  Figure  1-6  and  1-9).  Neither  theoretical  study  allowed  for 
tropospheric  loss  of  chlorofluorocarbons.  Discrepancies  between  these  models  and  recent 
measurements  are  less  than  10%. 

Mtthyl  Chloroform  (CH3CCI3) 

Measurements  of  CH3CCI3  are  shown  in  Figure  1-10.  Absolute  calibration  problems  are  more 
serious  for  methyl  chloroform  than  for  the  chlorofluorocarbons.  The  measurements  of  Lovelock 
in  1975-1976  are  dearly  ktconsistent  with  the  work  of  Rasmussen  and  coworkers.  Later  mea- 
surements by  Rasmussen  and  by  Singh  are  significantly  higher  than  the  results  of  Rowland  and 
coworkers. 

The  chemical  industry  provides  the  only  known  source  for  CH3CCI3  (Neely  and  Plonka,  197tt). 
The  gas  Is  removed  from  the  atmosphere  primarily  by  reaction  with  tropospheric  HU,  and 
measurements  of  CH3CCI3  have  been  used  to  deduce  nwan  concentrations  for  HU  (Singh, 
1977a,  b;  Lovelock,  1977).  Preliminary  analyses  of  data  for  CH3CCI3  suaiests  that  the  lifetime  for 
the  gas  Is  3 to  11  years  (Lovelock,  1977;  Singh,  1977a,  b;  Derwent  and  Lggleton,  1978;  McConnell 
and  Schiff,  1978;  Neely  and  Plonka,  1978;  Chang  and  Penner,  195^), 
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Figure  1-10.  Meesuiements  o<  CH3CCI3  in  the  Northern  and  Southern  Hemispheres  as  a function  of  time. 

Each  symbol  reprisents  data  from  a different  group  of  investigators.  • Lovelock  (1974,  1977), 
Rasmussen  et  al  (1981a  & b),  4 Grimsrud  and  Rasmussen  (1975),  Cronn  et  al.  (1977),  Pierotti 
et  al.  (1978).  (hemispheric  mean),  Q (range,  0 30*),  | (range,  30*  60*),  Singh  et  al.  (1979), 

■ Singh  et  al  (1977a,  1977b),  (1978.  mid  latitude  mean,  1979,  hemispheric  mean)  Rowland  et  al. 

(1980).  The  lines  show  results  of  model  calculetions  (Logan  et  al.,  1981)  which  use  release  rates  for 
CH3CCI2  gi\)en  by  Neely  and  Plonka  (1978).  It  was  assumed  that  95%  of  the  release  takes  place 
in  the  Northern  Hemisphere.  Model  lesults  are  mean  hemispheric  values.  The  arrows  ( | ) show  the 
range  of  concentiations  *rom  the  model  for  mid  latitudes  and  the  tropics.  The  solid  lines  give  the 
results  of  the  staridard  model.  The  troposphere  is  divided  into  four  latitude  lones  of  equal  area  with 
boundaries  at  30*N,  0*  and  30*S.  In  each  latitude  /one  a n>ean  HO  profile  is  derived  from  marine  and 
continental  profiles,  weighted  by  the  appropriate  area  in  each  /one.  The  dashed  curves  show  results 
in  which  HO  concentrations  from  the  standard  model  are  multiplied  by  0.5  while  the  dotted  curves 
are  for  HO  concentrations  multiplied  by  two.  The  dot  dash  curves  show  results  for  an  infinite  tro 
pospheric  lifetime  for  CH3CCI3  (HO  concentration  ■ 0). 
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Recent  laboratory  studies  have  resolved  earlier  <Ascrepancies  in  knowledfe  the  rate  constant 
for  the  reaction  of  HO  with  CH3CCI3  (Kurylo  et  al.,  1979;  |eong  and  Kaufman,  1979).  The 
accuracy  of  the  relcsse  rates  provided  by  Neely  and  Plonka  (1978)  is  difficult  to  determine  as 
they  do  not  account  for  release  in  Eastern  Bloc  countries  (H*  Farber,  Dow  Chemicai,  personal 
communication).  Concentrations  calculated  for  CH3CC.')  using  these  release  data  and  model 
distributions  for  HO  are  somewhat  smaller  than  observed  'xsncentrations  of  CH3CCI3  (Logan  et 
al.,  1981;  Derwent  and  Eggleton,  1981).  An  underestimate  in  release  rates  of  25%  would  bring 
model  results  into  agreement  with  sonre  recent  observations  for  CH3CCI3. 

The  release  rate  of  CH3CCI3  increased  exponentially  between  1960  and  1975.  The  present  day 
concentration  of  the  gas  is  linearly  proportional  to  the  release  rate,  but  depends  less  strongly  ori 
the  removal  rate.  Hence  it  is  difficult  to  place  strict  bounds  on  the  globally  averaged  con- 
centration for  HO  from  an  analysis  of  data  for  CH3CCI3,  given  the  uncertainties  in  absolute 
concentrations  and  in  the  release  rate  (Logan  et  al.,  1961).  Measurements  of  CH3CC13  appear  to 
be  consistant  with  a lifetime  of  S to  10  years,  and  with  globally  averaged  HO  concentrations  of 
-^7x10^  molecules  cm"^. 

Carbon  Tatrachloricla  (CCI4) 

Measurements  for  CCI4  are  ^ven  in  Figure  1-11.  Again,  there  appear  to  be  serious  calibration 
inconsistencies  between  different  research  groups.  The  data  in  Figure  1-11,  and  measurements 
made  in  England  (Penkett  et  al.,  1979)  and  the  western  U.S.  (Singh  et  al.,  1979)  suggest  that  the 
concentration  of  CCI4  is  increasing  slowly. 


Figure  1-11.  Meesurements  of  CCI4  in  the  Northern  and  Southern  Hemispheres  as  a function  of  time.  Eacf>  sym- 
bol represents  data  from  a different  group  of  inver:  <ators.  The  symbols  are  defirred  i.n  Figure  1-8. 
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Th«re  are  no  known  natural  sources  for  CCl4*  Estimates  for  industrial  production  and  release  are 
subject  to  considerable  uncertainty  (Altshuller^  1976;  Singh  et  al.«  1976;  Calbally,  1976).  Only  a 
small  percentage  of  the  total  production  is  released  to  the  atmosphere,  and  production  figures 
are  unavailable  for  many  countries,  including  the  U.S.S.R.  and  China.  Production  of  CCI4  in  the 
U.S.  has  been  decreasing  since  1970  (U.S.  International  Trade  Commission  Reportr). 

Other  Halocarbons 

Observations  of  other  halocarbons  are  summarized  in  Table  1-2.  Two  of  these  compounds,  CF4 
and  CHCIF2  (FC-22)  have  concentrations  larger  than  50  pptv.  Industrial  sources  have  been 
identified  for  all  the  halocarbons  listed  in  Table  1-2  with  the  exceptions  of  CHO2F,  CH3CI  and 
CH3I.  Halocarbons  which  are  unsaturated  or  contain  hydrogen  atoms  are  removed  from  the 
atmosphere  by  reaction  with  tropospheric  HO.  Kinetic  data  (Atkinson  et  al.,  1979)  may  be  used 
to  estimate  that  the  lifetimes  <rf  CHCI2F,  CHCI3,  CH2CI2,  CCI2CCI2,  CH3Br  and  CH2BrCH2Br  are 
between  2 years  and  a few  months.  The  lifetime  of  CHCIF2  is  about  12  years  while  that  of 
CHCICCI2  is  a few  days.  Methyl  iodide  is  removed  from  the  troposphere  by  photolysis  within  a 
few  d»-  > (Chameides  and  Davis,  1980). 

The  aluminum  industry  is  thought  to  be  an  important  source  frr  CF4  (Rasmussen  et  {.’  , 1979; 
Cicerone,  1979).  Elevated  concentrations  of  CF4  and  C2F5  have  been  observed  in  aluminum  plant 
plumes  (Penkett  et  al.,  1981).  The  atmospheric  lifetime  of  CF4  is  »ipected  to  be  extremely  long 
(>10  000  years).  The  major  loss  process  for  tfw  gas  is  photodissociation  at  121.6  nm  in  the 
mesosphere  (Cicerone,  1979). 

Global  rates  for  release  of  CHCir2  are  given  bv  Jesson  (1980).  The  lifetime  of  the  gas  should  be 
determined  by  reaction  with  HO  in  the  troposphere  (Atkinson  et  al.,  1979).  Rassmussen  al. 
(1980b)  used  the  release  data  to  estimate  that  the  global  burden  of  CHCIF2  should  be  '>35  pptv 
if  the  atmospheric  lifetime  of  the  gas  were  infinite.  They  conclude  from  their  measurerrrents  of 
->45  pptv  that  the  release  rate  haf.  been  underestimated. 

Measurements  by  Penkett  et  al.  (1980)  using  a gas  chromatograph/mass  spectrometer  combination 
indicate  that  CHCI2F  in  the  clean  tropospiiere  is  virtually  unmeasurable  (<1  pptv).  Concentra- 
tions of  CH3Br  and  CH3I  are  lemley  low  (a  few  pptv).  Methyl  iodide  is  thought  to  be 
produced  by  marine  organisms  (Lovelock  et  al.,  1973).  Chameides  and  D.ivis  (1980)  recently 
reviewed  he  budget  for  CH3I,  and  estimate  that  the  source  strength  for  the  gas  is  about 
1-2x10^2  gill  yr"^ . 

Halocarbon  Budgets 

The  halocarbon  budget  for  the  troposphere  may  be  estimated  from  the  data  presented  above. 
These  data  indicate  that  the  organic  chlorine  content  of  the  troposphere  was  -~3.0  ppb  in  late 
1979,  while  the  organic  fluorine  content  was  ^1.25  ppb  (see  Tables  1-4  and  1-5).  The  temporal 
trends  in  organic  Cl  and  F derived  from  the  major  halocarbons  are  shown  in  Figure  1-12. 
Contributions  from  minor  halocarbons  are  omitted  because  of  lack  of  information  concerning 
their  time  history. 

Berg  and  Winchester  (1977)  measured  gas  phase  organic  chlorine  concentrations  of  ^1.9  ppbv 
near  the  shore  in  the  Gulf  of  Mexico.  Their  technique  involved  trapping  the  organic  species  on 
activated  charcoal,  followed  by  spectrophotometric  analysis  for  Cl.  This  method  was  developed 
further  by  Berg  et  al.  (1980)  to  measure  the  total  halogen  content  of  the  lower  stratosphere. 
Neutron  activation  analysis  was  used  to  detect  Cl  and  Br,  which  were  found  at  concentrations  of 
2.7t0.9  to  3. 2+0.7  ppbv  and  7i4  to  40i11  pptv,  respectively.  No  iodine  was  observed,  but  an 
upper  limit  of  <3  pptv  was  calculated.  The  total  chlorine  data  are  consistent  with  the  Cl  content 
derived  from  the  individual  species,  given  the  uncertainties  in  each  estimate. 
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Table  14 


Ccmcentrationt  of  Major  Halocarboits  in  Late  1979.  > 


N.H. 

S.H. 

Qobal 

CHaQ 

620±20 

620 

CF2Q2 

315±6 

282±6 

300 

CFQ3 

184±5 

164±5 

175 

CCUb 

136±18 

125  ±6 

130 

CHsCas 

125 ±20 

94±12 

110 

s Concentrations  are  given  in  pptv,  and  are  taken  frcnn  Figures  1-8  to  1-11. 


b Average  concentratinn  for  1976-1980,  from  Bgure  1-11. 


Table  1-5 

Tropospheric  Budgets  for  Organic  Halogens  in  1919^ 


\ 

F 

a 

Br 

I 

CH3Q 

.62 

CF2Q2 

.60 

.60 

CFQs 

.17 

.52 

Cd4 

.52 

CH3CQ3 

33 

Other  CHxXyb 

.49 

38 

<0.02 

<0.005 

TOTAL  (ppb) 

1.26 

2.97 

<0.02 

<0.005 

^Concentrations  are  given  in  ppbv. 


^Calculated  frwn  Table  1-2. 


A temporal  trend  in  the  F content  of  the  atmosphere  may  be  inferred  from  measurements  of  HF 
above  30  km  (Zander,  1981).  These  data  are  presented  in  Figure  1-12.  The  concentration  of  HF 
calculated  from  a time  dependent  1-D  model  (Sze,  1978)  is  shown  also.  The  trends  in  organic 
fluorine  in  the  troposphere  and  HF  in  the  stratosphere  are  similar. 
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Figure  M2.  Temporel  trends  in  chlorine  end  fluorine  species.  The  solid  lines  show  the  time  history  of  Cl  and  F 
present  as  major  halocarbons  in  the  troposphere  of  the  Northern  Hemisphere.  Methyl  chloride  and 
CCI4  were  assumed  constant,  at  concentrations  of  620  pptv  and  125  pptv  respectively.  Average 
values  for  CH3CCI3  were  deduced  from  the  data  in  Figure  MO.  Values  for  CFCI3  and  CF2CI2 
were  taken  from  tlw  model  results  in  Figures  1-8  and  1-9,  which  provide  a good  representation  of 
the  data  after  1975.  Concentrations  of  Ci  ( 4 ) and  F ( • ) from  minor  and  major  halocarboru  are 
shown  (See  Tables  1-4  and  1-5).  Other  symbols  are  as  follows:  ■ totoal  organic  Cl  near  sea  level 
(Berg  and  Winchester,  1977);  ^ total  organic  Cl  in  the  lower  stratosphere  (Berg  et  al.,  1980); 
a HCI,  a HF  above  30  km  (Zander,  1981);  X >^odel  calculation  for  HF  (Sze,  1978).  The 
dashed  line  is  drawn  parallel  to  the  solid  line  for  organic  F,  as  an  aid  to  the  eye. 
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HYDROCARBONS,  CO  AND  H2 

The  atmospheric  data  on  selected  hydrocarbons,  CO  and  H2  are  listed  in  Table  1-2.  Limited  data 
suggests  that  at  about  40^,  the  background  concentration  of  C2Hg  , f^2^2  ' ^7^4  about 

1.6  ppb,  0.2  ppb,  and  0.06  ppb  respectively  (Singh  et  al.,  1979;  Harrison  et  al.,  1979;  Cronn  and 
Robinson,  1979).  Because  of  the  high  reactivities  of  C2H2  and  C2H4  , atmospheric  gradients  at 
least  as  large  as  those  due  to  C2Hg  can  be  expected.  As  an  example,  the  C2H2  concentration  is 
reported  to  be  0.23  ppb  at  37^;  0.03  ppb  at  9*  and  0.02  ppb  at  9CTS. 

The  global  sources  of  CH4  were  reassessed  by  Ehhalt  (1979)  to  be  of  the  order  of  590  to  930  Mt 
CH4/yr.  The  lower  boundary  of  this  estimate  is  in  good  agreement  with  the  sink  provided  by  HO 
radicals  based  on  recent  estimates  by  Singh  (1977a)  and  Volz  et  al.  (1981b).  The  resulting  turn- 
over time  of  CH4  is  around  7 years.  Recent  measurements  by  Rasmussen  and  Khalil  (1981) 
indicate  that  the  tropospheric  CH4  concentration  increased  in  1979  and  I960  at  a rate  of  2%  per 
year.  The  series  of  measurements  performed  at  NCAR  since  1965  (e.g.,  Ehhalt  and  Heidt,  1973a,b, 
1974;  Ehhalt,  1974;  Heidt  et  al.,  I960)  with  proper  corrections  to  the  old  measurements  (Heidt 
and  Ehhalt,  1980)  indicates  that  this  increase  does  not  constitute  a long  term  trend  but  must  be 
considered  either  a medium  scale  fluctuation  or  a very  recent  disturbance  of  the  CH4  cycle. 

The  natural  sources  of  CO  appear  to  be  much  greater  than  previously  believed  (Hanst  et  al., 
1980).  This  is  largely  because  of  a higher  than  expected  yield  of  CO  from  oxidation  of  terpenoid 
materials.  Hanst  et  al.  (1980)  estimate  that  nearly  50%  of  the  atmospheric  CO  in  both 
hemispheres  arises  from  oxidation  of  non-methane  organic  matter.  The  asymmetry  of  this  CO 
source  (S.lxio'*'*  g/year  in  NH;  2.5x10‘*‘*  g/year  in  SH)  is  comparable  to  the  asymmetry  in  the  CO 
levels  in  the  NH  and  SH.  There  is  now  an  increasing  awareness  that  the  hemispheric  gradients  of 
CO  are  only  partly  the  result  of  man-made  sources.  The  asymmetries  in  natural  sources  are 
significant  but  remain  poorly  characterized. 

Molecular  Hydrogen,  H2,  is  one  of  the  most  abundant  trace  gases,  in  both  the  troposphere  and 
the  stratosphere.  Its  tropospheric  distribution  is  rather  uniform.  The  observations  showed  no 
significant  vertical  gradients,  except  for  a few  regional  perturbations  (Ehhalt  et  al.,  1977).  There 
is,  however,  a slight  interhemispheric  difference:  The  average  mixing  ratio  In  the  Northern 
Hemisphere  is  0.576  ppmv,  that  In  the  Southern  Hemisphere  0.552  ppmv  (Schmidt,  1978). 

It  appears  that  most  of  the  major  sources  and  sinks  have  been  identified.  According  to  Schmidt 
et  d.  (1980a)  global  tropospheric  H2  sources  and  sinks  a-e  In  balance.  The  present  agreement  is 
based  on  (1)  a substantially  reduced  estimate  of  the  main  sink,  microbial  uptake  by  soils;  (2) 
more  recent  measurements  of  the  deposition  velocity  of  H2  on  various  soils  by  Schmidt  et  al. 
(1980)  which  give  lower  values  than  previously  measured  by  LiebI  and  Seiler  (1976).  Obviously  the 
errors  are  still  sufficiently  large  to  accommodate  further  substantial  sources  or  sinks.  It  is  noted 
that  both  production  and  destruction  of  H2  are  higher  in  the  Northern  Hemisphere  which  pro- 
vides two-thirds  of  the  total  budget.  The  total  amount  of  H2  in  the  troposphere  is  170x0'^  g, 
with  a turnover  rate  of  about  2 years. 

TROPOSPHERIC  MEASUREMENTS  OF  HO  RADICAL 

The  hydroxyl  radical  plays  a key  role  in  the  chemistry  of  the  troposphere  (Levy,  1971).  Because 
of  low  concentrations  and  potential  interferences  as  discussed  bebw,  absolute  measurements  are 
difficult  and  subject  to  considerable  uncertainty. 
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Focr  methods  have  been  employed  for  the  detection  of  tropospheric  HO: 

• Aircraft-borne  laser  induced  fluorescence  wherein  a contained  atmosphere  sanf^>le  is  passed 
through  an  enclosed  detection  chamber  and  is  probed  fay  a pulsed  laser  tuned  to  the  (1-0) 
band  of  the  A-X  transition  at  282  nm.  Fluorescence  is  observed  at  309  nm  (Davis  et  al.,  1976 
and  1979). 

e Aircraft-borne  laser  induced  fluorescence  using  an  'open*  optical  arrangement  in  wMch  a 
telescope  is  used  to  observe  the  backscattered  fluorescence  outside  the  boundaiy  layer  of  the 
fuselage  but  in  the  near  vicinity  of  the  aircraft  (Wang  ^ al.,  1980a). 

e Measurements  of  cjabon  14  labelled  CO  oxidation  rates  by  HO  in  which  the  sample  is  drawn 
into  a teflon  coated  vessel  of  10  liter  volume.  All  reported  observations  were  taken  in  the 
boundary  layer  (Campbell  et  al.,  1979). 

e Long  path  (7.8  km)  absorption  of  laser  radiatir^n  of  308  nm  (the  Q(2)  line  of  the  A^Z*,  V'b 
0,  X^n  V"  B 0 transition).  The  experiment  employs  a double  pass  (3.9  km  per  degree) 
optical  arrangement  in  which  the  beam  is  returned  by  a spherical  mirror  to  a double 

monochromator  located  at  the  laser  (Perner  et  al.,1976,  1981;  Wang  et  al.,  1981b). 

Table  1-6  summarizes  the  recent  tropospheric  measurements  of  the  HO  radical.  With  the 

exception  of  the  data  from  Wang  et  al.  (1981)  and  one  data  point  from  the  1977  CAMETAC  flight 
(Davis  et  al.  1961a),  ail  the  data  presented  are  within  the  Earth's  boundary  layer.  The  majority 
of  data  presented  was  taken  using  the  technique  of  laser  induced  fluorescence.  These  data  have 
been  questioned  by  Ortgies  et  al.,  1960,  who  contend  that  in  a region  of  high  water  vapor  and 
ozone  concentrations,  the  production  of  IHO  within  the  time  duration  of  the  laser  pulse  can 
dominate  the  HO  in  ambient  air.  Their  calculations,  however,  make  the  assumption  that  at  least 
one  of  the  HO  radicals,  formed  from  the  reaction  of  H2O  and  O('^D)  is  rotationally  thermalized 
within  the  laser  pulsewidth.  There  are,  however,  no  measurements  as  yet  of  the  rotational 
relaxation  rates  within  the  ground  state.  Davis  et  al.  (1961b)  have  recently  published 

experimental  results  measuring  directly  the  interference  due  to  laser  generation  of  HO.  Tliv'ir 

results  indicate  very  little  thermal ization  of  the  rotational  levels  during  the  pulse  even  at 
atmospheric  pressures.  They  have  measured  the  interference  due  to  the  artificial  production  of 
HO  within  the  boundary  layer  to  be  on  the  order  of  25  to  50%  depending  on  the  atrrK>spheric 
conditions.  Theoretical  calculations  are  consistent  with  these  values  (Davis  eft  al.,  1961c).  Wang 
et  al.  (1981)  report  that  under  their  experimental  conditions  artificial  HO  was  lower  than  the 
detection  limit  of  their  instrument.  Davis  et  al.  (personal  communication)  also  report  that  there 
is  iittle  interference  under  the  conditions  of  the  free  troposphere.  It  is  dear,  however,  that  this 
is  a problem  that  must  be  considered  carefully  in  all  measurements  of  HU  by  laser  induced 
fluorescence. 

The  CAMETAC  results  represent  the  first  effort  at  a simultaneous  measurement  of  most  of  the 
parameters  which  affect  the  steady-state  concentration  of  HO  in  the  troposphere.  In  addition  to 
HO,  solar  UV  flux,  CO,  H2O,  O3  , HNO3  and  temperature  were  also  measured.  Modeling  of  these 
results  showed  good  agreement  with  the  measured  HO,  which  would  indicate  that  the  model  is 
not  substantially  in  error,  but  the  uncertainties  in  the  HO  measurements  as  well  as  the  input 
parameters  in  the  nmdel  are  large  enough  that  significant  changes  can  be  made  in  the  model  and 
still  obtain  agreement  with  the  measurements. 

It  is  also  worth  noting  that  the  measurements  of  Campbell  et  al.  (1979)  are  in  general  lower  than 
the  CAMETAC  and  other  measurements  but  a comparison  of  isolated  measurements  separated  by 
time  and  location  without  information  about  the  different  photochemical  conditions  is  not 
particularly  fruitful. 
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Table  1-6 

Raomt  Mettiuementi  of  HO  in  die  Tropoiphere 


Location 

Date 

Time 

Altitude 

(km) 

HO 

Moleculea/(10'^cm'^) 

Estimated 

Uncertainty 

Oaviietal.(1979)>Li 

laer  induced  fluoi 

'eaoence 

Rocky  Mtm. 

7/16/76 

1000-1020 

6.9 

2.9 

40% 

Four 

Comen.  NM 

1030-1115 

2.1 

4.7 

40% 

Divis  et  al.  (1981a)  - Laaer  induced  fluoreacenoe 

2.5*N,  170*W 

8/26/77 

1136-1148 

.465 

8.0 

44% 

8*S.  I69*W 

8/28/77 

1116-1146 

J34 

9.1 

33% 

24.5*S,  172*W 

8/31/77 

1218-1336 

.430 

10 

29% 

2.5%  170*W 

9/1/77 

1026-1040 

.532 

13 

32% 

13*N, 161*W 

9/2/77 

1056-i  1 10 

JOO 

7J 

45% 

1S.5*N,  169*^ 

5/2/78 

1341-1359 

J34 

4.1 

51% 

9X  I7I*W 

5/3/78 

1043-1120 

J40 

7.5 

35% 

1*S.  172*W 

5/3/78 

1424-1456 

J42 

1.7 

53% 

30*S.  174“E 

5/6/78 

1258-1311 

.270 

3.1 

71% 

33\  173*E 

5/11/78 

1233-1249 

.280 

3.4 

65% 

\4.5\  177*E 

5/12/78 

1050-1 108 

.207 

4.8 

54% 

Campbell  et  al.  (1979) 

• *^CO  oxidation 

46.7*N 

10/11/79 

1350 

Ground 

J 

46 .7X 

1/27/78 

1458 

Ground 

3_J 

24% 

46.r 

7/25/78 

1244 

Ground 

3.4 

18% 

44*S 

4/2/78 

1409 

Ground  (1 .0  km)  0.5 

60% 

44^S 

4/4/78 

1248 

Ground  (1 .0  kni)  0.6 

35“N 

8/13/78 

1325 

Grouna 

2.0 

— 

35*N 

8/13/78 

1421 

Ground 

3.4 

3% 

Wang  ei  al.  - LaKr  induced  fluorescence 

San  Bemadino, 

California 

3/27/79 

1350-1430 

10 

20 

30'.’ 

San  Diego. 

California 

3/28/79 

1030-1130 

106 

10 

40% 
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TROPOSPHERIC  PHOTOCHEMISTRY 

An  understanding  of  the  processes  which  control  the  composition  of  the  troposphere  Is 
necessity  for  analysis  of  many  problems  in  stratospheric  chemistry.  Firstly,  the  troposphere 
serves  as  a source  region  for  a large  number  of  gases  that  play  important  roles  in  the  photo- 
chemistry of  the  stratosphere.  Since  the  concentre*' ion < of  several  of  these  gases  are  controlled 
by  chemical  sources  and  sinks  in  the  troposphere  (e.g.,  N2O,  CH3CI,  CH3CCI3  , CO,  CH^  and 
other  hydrocarbons),  global  changes  in  the  chemical  composition  of  the  troposphere  ma/  alter 
the  fluxes  of  these  species  to  the  stratosphere.  The  most  important  sink  for  many  of  these 
species  is  reaction  with  HO.  Any  large-scale  changes  in  tropospheric  HO  densities  may  therefore 
affect  fluxes  to  the  stratosphere.  Secondly,  changes  in  tropospheric  chemistry  may  dter  the 
tropospheric  burden  of  radiatively  active  ^ses  (e.g.,  O^  , CH^  , SO2)  and  thereby  affect  tropo- 
spheric and  stratospheric  climMe.  Finally,  increases  in  tropospheric  ozone  would  contribute  to 
changes  in  the  total  column  of  ozone.  It  is  therefore  essential  to  understand  the  processes 
which  control  ozone  and  hydroxyl  distributions,  and  how  they  might  respond  to  changes  in 
sources  of  gases  such  as  CO,  NO^,  or  CH4. 

The  hydroxyl  radical  is  produced  by  the  photolysis  of  ozone: 


O3  ♦ hv  - 0(^D)  ♦ O2  (X<310  nm)  (D 

followed  by  Oib)  H2O  -*  HO*  HO  (2) 

HO  is  removed  by  reaction  with  CO  and  CH4 

CO  + HO  - H ♦ CO2  (3) 

H ♦ O2  ♦ M HO2  ♦ M (4) 

HO  ♦ CH4  - CH3  ♦ H2O  (5) 

with  reaction  (3)  dominant  over  (5). 


HO  may  be  r^enerated  through  the  following  reactions, 


HC>2  + no  - HO  ♦ NO2  ;b) 

HO2  ♦ O3  - HO  ♦ 2O2  (7) 

or  H2O2  may  be  formed  through  the  reaction: 

HO2  ♦ HO2  -*  H2O2  ♦ O2  («) 

Photodissociation  of  H2O2  reforms  HO 

H2O2  ♦ hv  - 2HO  (9) 

while  the  reactions 


H2O2  ♦ HO  - H2O  ♦ i02 

(10) 

H2O2  ♦ rain  **  washout 

(11) 
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act  as  sinks  for  tropospheric  odd  hydrogen  (H,  HO,  HO2  , H202)*  H2O2  has  a high  solubility  in 
water  and  should  therefore  be  removed  efficiently  by  rainfall.  et  al.  (1981)  estimate 

reactions  (10)  and  (11)  to  be  the  main  tropospheric  sinks  for  odd  hydrogen,  the  gas  phase 
reaction  (10)  being  the  more  important  of  the  two.  This  reduces  the  dependency  of  HO  con- 
centration on  the  removal  rate  of  H2O2  by  heterogeneous  processes.  The  removal  rate  of  soluble 
gases  by  precipitation  is  one  of  the  more  uncertain  parameters  in  current  models  of  tropospheric 
chemistry.  Similarly,  the  effects  of  chemical  reactions  occurring  in  droplets  or  aerosols  on  the 
gas  phase  composition  of  the  troposphere  is  not  well  understood. 

Another  major  uncertainty  in  analyses  of  tropospheric  problems  results  from  the  lack  of  data  for 
NOx  (NONO2).  Recent  measurements  of  NOx  indicate  that  concentrations  in  the  remote  tropo- 
sphere may  be  extremely  low,  ranging  from  a few  to  a few  hundred  parts  per  trillion  (Noxon, 
1978;  McFarland  et  al.,  1979;  Kley  et  al.,  1981;  Helas  and  Wameck,  1981).  Production  of  HO 
occurs  mainly  by  reactions  (2),  (6),  (7)  and  (9)  in  the  lower  troposphere  (e.g.,  Logan  et  al., 
1981).  Reactions  (6)  and  (7)  occur  at  comparable  rates  for  concentrations  of  NO  of -'10  pptv.  The 
concentration  of  HO  is  independent  of  NO  for  NO  at  10  pptv  and  is  an  increasing  function  of  NO 
for  NO  between  about  10  pptv  and  500  pptv  (Fishman  et  al. ,1979a).  Production  of  odd  oxygen  in 
the  trooosphere  is  also  a sensitive  function  of  NO  (see  below). 

Odd  hydrogen  production  from  the  oxidation  of  hydrocarbons  (HC)  in  the  atmosphere  may  also 
play  a significant  role  for  the  HO  distribution,  particularly  in  the  lower  troposphere  over  conti- 
nents. Tl  IS  production  is  usually  initiated  by  a reaction  of  the  type: 

HO  + HC  a • HO2  * products  (12) 

where  a denotes  the  number  of  odd  hydrogen  released  in  the  subsequent  reactions.  A large 
number  of  primary  hydrocarbons,  some  of  human,  some  of  biogenic  origin,  are  released  to  the 
atmosphere.  Odd  hydrogen  production  depends  on  the  type  of  hydrocarbons,  and  on  the  con- 
centrations of  species  like  NO.  Hence,  considerable  uncertainty  is  attached  to  the  calculations  of 
odd  hydrogen  production  from  these  species. 

Uncertainties  in  the  current  understanding  of  the  chemistry  of  HO  are  discussed  in  more  detail  in 
recent  papers  by  Chameides  and  Tan  (1961)  and  Logan  et  al.  (1981).  These  papers  and  others 
(Rodhe  and  Isdcsen,  1980;  Volz  et  al.,  1981a)  present  recent  calculations  for  the  distribution  of 
HO  as  a function  of  latitude,  altitude  and  season. 

Analysis  of  the  budget  for  CH3CCI3  has  been  used  to  test  rrwdels  for  the  global  distribution  of 
HO.  Earlier  estimates  of  globally  averaged  HO  concentrations  (3-10x10^  molecules  cm"^,  Singh 
1977a,  b;  Lovelock  1977;  Chang  and  Penner,  1978;  Neely  and  Plonka,  1978)  must  be  revised  upward 
by  a factor  of  about  1.7  to  take  account  of  recent  kinetic  data  for  the  reaction  of  HO  with 
CH3CCI3  (Kurylo  et  al.,  1979;  leong  and  Kaufman,  1979).  Two  recent  calculations  of  the  global 
distribution  of  HO  give  a lifetime  for  methyl  chloroform  of  5 years  (Derwent  and  Eggleton,  1981; 
Logan  et  al.,  1981).  However  both  models  underestimate  concentrations  of  CH3CCI3  after  1975 
(see  Figure  1-10),  suggesting  that  calculated  concentrations  of  HO  are  somewhat  high.  The 
usefulness  of  the  CH3CCI3  budget  as  a test  for  models  of  HO  is  hampered  by  (kscrepancies  in 
absolute  concentrations  of  CH3CCI3  and  uncertainties  in  the  emission  rate.  The  measurements 
of  CH3CCI3  are  consistent  with  lifetimes  in  the  range  5 to  10  years,  and  globally  averaged  HO 
concentrations  of  5-10x10^  molecule  cm"^. 

A reliable  model  for  tropospheric  HO  provides  useful  information  on  the  magnitude  of  the  loss 
rate  for  other  trace  gases  such  as  CU  and  CH4,  whose  sources  are  extremely  tfifficult  to 
quantify.  Recent  studies  of  the  budget  of  CO  in  the  context  of  models  for  HO  (Logan  A al., 
1981;  Volz  et  al,  1981a;  Pinto  et  al.,  1981)  indicate  that  there  are  large  sources  for  the  gas  other 
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than  combustion  of  fossil  fuels  and  oxidation  of  CH4«  Likely  candidates  we  sources  from 
oxidation  of  non-metharte  h*'drocarbons  and  biomass  burning  as  proposed  by  Zinwnerman  et  ai. 
(197b),  Hanst  et  al.  (1960),  and  Crutzen  et  al«  (1979).  Measurements  of  CO  in  the  literature 
before  1961  are  reviewed  by  Logan  et  aU  (1961),  while  Seiler  and  Fishman  (1961)  present  a 
detailed  analysis  of  tropospheric  profiles  for  CO. 

Volz  et  al.  (1961a)  have  modeled  the  (ftstributlons  of  ‘I^CO  and  **^00  by  using  a 2-D  model.  They 
showed  that  in  order  to  balance  the  sourcm  and  sinks  for  both  species,  an  ‘average*  tropo- 
spheric HO  concentration  of  (6.S  t 2.3)  x 10^  cm"^  is  required,  in  agreement  with  the  values 
deduced  from  the  CH3CCI3  budget.  The  definition  of  this  ’average*  HO  is  different  from  the 
’average*  HO  inferred  from  CH3CCI3  because  of  the  different  reaction  rate  constants  and 
tropospheric  distributions  of  the  two  tracers.  Volz  et  al.  (1961a)  deduced  a biolt^cal  *1^00 
source  (excluding  CH4  oxidation)  of  about  1250x10^^  g CO/yr.  This  is  consistent  with 
conclusions  reached  by  considering  the  global  CO  budget  (Logan  et  al.,  1961).  The  2-0  model 
study  of  Isaksen  (1960)  required  such  a source  to  give  agreement  between  observed  and 
calculated  CO  concentrations  at  low  latitudes.  Pinto  et  al.  (1961)  have  modeled  the  distribution 
of  “*^00  by  using  a 3-D  general  circulation  model.  They  derived  an  ’averaged*  troposoheric  HO 
concentration  equal  to  7x10^  cm~^  and  a biological  source  ot  ^^CO  equal  to  1300x10^^  g CO/yr 
(excluding  CH4  source)  in  excellent  agreement  with  the  above  mentioned  studies. 

TROPOSPHERIC  OZONE 

The  origin  of  tropospheric  ozone  has  been  a controversial  subject  for  some  time.  From  earlier 
analyses  of  the  ozorw  distribution,  lunge  (1962)  accepted  the  classical  view  that  ozone  is  trans- 
ported from  the  stratosphere  and  destroyed  at  the  surface.  This  'dynamical  control*  view  con- 
tinues to  be  favored  by  Pruchniewicz  (1973),  Junge  and  Czeplak  (1969),  Fabian  and  Pruchniewicz 
(1977),  Chatfield  and  Harrison  (1977),  Singh  et  d.  (1978),  Hussain  et  ad.  (1979)  and  Routheir  and 
Davis  (1960).  On  the  other  hand,  Chameides  and  Wafcer  (1973),  Crutzen  (1974),  Fishman  and 
Crutzen  (1977),  Liu  (1977),  Stewart  et  al.  ('.977),  Chameides  (1978),  and  Fishman  et  al.  (1979b) 
have  argued  that  gas  phase  photochemical  production  and  destruction  of  ozone  in  the  tropo- 
sphere may  be  niore  important  than  injection  of  ozone  from  the  stratosphere. 

Ozone  may  be  generated  in  the  troposphere  by  the  oxidation  of  CO: 


CO  ♦ HO  - H ♦ CO2 

(3) 

H ♦ O2  ♦ M -►  HO2  * M 

(4) 

HO2  ♦ NO  -*  HO  ♦ NO2 

(6) 

NO2  + hv  - NO  ♦ 0 

(13) 

0 ♦ O2  ♦ M -♦  O3  ♦ M 

(14) 

CO  *202  ♦ hv  -►  CO2  ♦ O3 

(15) 

Odd  hydrogen  (H,  HO,  HO2  . and  H2O2)  and  NO^  act  as  catalysts  in  producing  ozone  from  CO 
and  02*  The  efficiency  of  this  cycle  depends  on  the  concentrations  of  these  species  in  the  atmo- 
sphere. However,  low  concentrations  of  NO  allow  competition  for  the  HO2  radical  by  reaction 
(7).  Thus  the  efficiency  of  ozone  production  depends  critically  on  the  amount  of  NO  in  the 
atmosphere. 
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Bdow  a certain  critkat  value  of  the  ratio  of  (NO)/(03],  toss  through  the  sequence: 


HO2  ♦ O3  -►  HO  ♦ 2O2  (7) 

CO  ♦ HO  - H ♦ CO2  (3) 

H ♦ O2  ♦ M - HO2  ♦ M (4) 

Net:  O3  ♦ CO  - COj  * O2  (16) 


dominates  over  the  production  discussed  above.  For  typical  background  ozone  concentrations 
photocherrrical  loss  by  (16)  dominates  the  production  by  (15)  when  NO  concentrations  are  below 
approximately  10  ppt.  Ozone  may  be  produced  also  in  the  photo-oxidation  of  CH^  (Crutzen, 
1974).  The  steps  are  conversion  of  NO  to  NO2 

CH3OO  ♦ NO  - CH3O  ♦ NO2  (17) 

followed  by  reactions  (13)  and  (14).  The  dominant  sinks  for  odd  oxygen  (OO3)  in  the 
troposphere  are  reactions  (7)  and  (7).  Current  models  indicate  that  photochemical  production  of 
ozone  by  (6)  and  (7)  and  loss  by  (2)  and  (7)  (and  other  minor  processes)  are  in  approximate 
balance  for  NO  =30  pptv  (FisNnan  et  al.,  1979;  Logan  et  al.,  1961). 

To  assess  the  impact  of  tropospheric  chemistry  on  the  ozone  distribution,  it  is  essential  to 
determine  the  global  distribution  of  nitrogen  oxides,  and  in  particular  the  distribution  of  NO. 
The  data  mentioned  earlier  indicate  that  concentrations  of  NOx  in  tho  r^Mnote  troposphere  be  in 
the  range  of  10  to  200  pptv.  NO  cor  icent  rat  ions  are  related  to  NOx  (1^  *i*'’^*  * ^2^ 

reaction  (13)  and  the  reverse  reaction  (6),  (17)  and  (18): 

NO  ♦ O3  "*  NO2  O2  . (18) 

The  ratio  NO/NOx  is  larger  in  the  upper  troposphere  than  in  the  lower  troposphere,  a con- 
sequence of  the  signficant  temperature  dependence  of  (18).  The  major  loss  mechanism  for  NOx 
through  reaction  (19) 

NO2  HO  ♦ M -*  HNO3  ♦ M (19) 

followed  by  heterogeneous  loss  of  1^03. 

HNO3  **'*•'’“*  l-os*  (^^) 

The  lifetime  of  NOx  with  respect  to  reaction  (19)  is  about  a day  in  the  lower  troposphere.  It  is 
probably  somewhat  longer  in  the  upper  troposphere  and  at  all  altitudes  in  winter  and  mid-  and 
high-latitudes.  Concentrations  of  NOx  are  highly  variable,  depending  on  both  the  source  distri- 
bution and  the  rates  of  reactions  (19)  and  (20). 

Levy  et  al.  (1<>80)  argue  that  injection  from  the  stratosphere  could  provide  a dominant  source  fur 
NOx  upper  troposphere.  Kley  et  al.  (1981)  derive  global  distributions  for  NOx  * 1“13 

photochemical  model  and  the  tracer  distributions  of  Levy  et  al.  (1900).  Based  on  these  results, 
and  low  concentrations  of  NO  over  the  Pacific  Ocean  (=4  pptv,  McFarland  et  al.,  1979)  Liu  et  d. 
(1900)  conclude  thrt  the  upper  troposphere  is  the  dominant  region  for  photocheirical  production 
of  ozone.  Fishman  (1981)  on  the  other  hand  points  to  several  other  observations  which  indicate 
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considerably  higher  NO^  concentrations  in  the  lower  troposphere  than  suggested  by  Liu  et  d. 
(1980).  Fishman  (1961)  finds  ozone  production  in  the  lower  troposphere  (Z<5  km)  to  be  signifi- 
cant. 

Model  estimates  of  tropospheric  ozone  production  dqsend  critically  on  profiles  adopted  for  NO^. 
Logan  et  al.  (1961)  estimate  NO^  production  from  natural  sources  to  be  of  the  order  of  10  Tg 
(N)/year.  This  is  considerably  higher  than  the  <1  Tg  (N)/Voar  which  is  estimated  to  be  trans- 
ported downward  from  the  stratosphere  (Levy  et  d.,  1960).  It  should  be  noted  that  there  are 
large  uncertainties  in  the  production  rate  of  NOx  in  the  lower  troposphere,  and  in  the  removal 
rate  of  HNO3  by  heterogeneous  processes.  Production  by  lightning,  possibly  an  important  source 
of  NOx  above  the  planetary  boundary  layer  is  known  only  within  an  order  of  magnitude.  Present 
estimates  suggest  that  it  is  in  the  range  2 to  15  Tg  (N)/year  (Dawson  1960;  Hill  et  al.,  1960). 
Another  controversial  question  is  the  contribution  of  anthropogenic  NOx  released  at  p-ound  level 
to  the  free  tropospheric  NOx  burden.  Releases  from  fossil  fuel  combustion  are  rather  well  known 
(—20  Ig  (N)/year).  Sources  of  NOx  biomass  burning  are  very  uncertain  (Crutzen  et  al., 

1979).  It  is  likely  that  a large  fraction  of  NOx  combustion  sources  is  oxidized  to  HNO3 
within  the  planetary  boundary  layer  (reaction  19),  making  its  contribution  to  free  tropospheric 
NO^  very  difficult  to  assess  at  the  moment. 

Some  of  the  uncertainties  in  the  budgeted  tropospheric  NOx  ozone  would  be  resolved  by 
measurements  of  the  distribution  of  NOx  different  environnrents.  Although  photochemical 
production  of  ozone  depends  critically  on  NO,  photochemical  loss  of  ozone  is  almost  indepen- 
dent of  NO  (Fishman,  1979).  Current  estimates  indicate  that  photochemical  loss  of  ozone  is 
comparable  to  ozone  transport  from  the  stratosphere  and  ozone  destruction  at  the  ground 
(Fishman  et  al.,  1979;  Liu  et  al.,  1980;  Chameides  and  Tan,  1981;  Logan  et  al.,  1981). 

The  foregoing  discussion  reveals  several  in^)ortant  areas  where  improvements  are  necessarv 
before  tropospheric  chemistry  can  be  understood  to  the  point  where  reliable  estimates  of  human 
influences  can  be  made. 

Some  of  the  key  areas  of  uncertainty  caused  by  limitations  in  atmospheric  nteasurements  and  in 
the  treatment  of  radiation,  dynamics,  and  chemistry  are  listed  below: 

1.  Measurements  of  the  global  distribution  of  species  which  show  large  spatial  and  temporal 
variations  such  as  NOx,  non-methane  hydrocarbons  (NMHC)  and  H2O  are  lacking. 

2.  Budgets  of  important  gases  such  as  NOx,  ^ NMHC  are  not  well  understood. 

We  note  that  the  production  of  NOx  ^ lightning,  release  of  NMHC  and  CH4  from  biogenic 
sources  and  production  of  CO  and  NOx  biomass  burning  are  very  uncertain. 

3.  Liquid  phase  removal  rates  of  water  soluble  gases,  as  well  as  surface  removal  rates  are  poorly 
known.  These  processes  are  very  important  for  H2O2  , CH3O2H  , SO2  , NOx  » CH2O  and 
HNO3. 

4.  The  effects  of  clouds  and  surface  albedo  on  the  UV  fluxes  need  to  be  studied. 

5.  Large-scale  tropospheric  distributions  of  key  species  like  ozone  and  CO  are  strongly  in- 
fluenced by  dynamical  processes.  Realistic  representation  of  these  processes  in  the 
troposphere  is  likely  to  require  a fully  coupled  three-dimensional  dynamical-chemical  model. 
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6.  Tropospheric  effects  of  anthropogenic  and  biogenic  species  (NO^  NMHC,  SO2)  in  the 
ptanetary  boundary  layer  depend  strongly  on  the  efficiency  of  exchange  processes.  A realistic 
representation  of  the  exchange  of  gases  between  the  boundary  layer  and  the  free  tropo- 
sph*«re  has  not  yet  been  applied  to  global  studies  in  the  troposphere. 

STRATOSPHERIC  DISTRIBUTION  OF  SOURCE  OASES 

NITROUS  OXIDE,  FC  r , FC-12,  AND  METHYL  CHLORIDE  (N2O,  CO3F,  CCI2F2  AND  CH3CI) 

Since  1975  a number  of  measurements  have  been  made  of  the  stratospheric  concentrations  of 
N2O,  CCI3F  and  CCI2F2*  F<>ur  field  prt^rams  have  been  particularly  extensive,  all  involving 
laboratory  analysis  by  gas  chromatography  of  air  samples  collected  by  balloon-borne  samplers. 
The  few  measurements  made  by  in  situ  balloon-borne  infrared  techniques  (Farmer  et  al.,  1900) 
are  consistent  with  these  data.  The  four  research  groups  are*. 

NOAA  Coldan  et  al.  (I960,  1981).  Balloon-borne  evacuated  grab  san^les. 

NCAR  Heidt  et  al.  (1975).  Balloon-borrre  cryosampler. 

KFA  Volz  et  al.  (1981b).  Balloon-borne  cryosampler. 

Ames  Tyson  et  al.  (1978);  Vedder  et  at.  (1978);  Inn  et  al.  (1979);  Vedder  et  al.  (1981); 
Balloon  and  aircraft-borne  cryosampler. 

The  results  obtained  by  grab-sampling  with  evacuated  containers  and  by  cryosampling  give 
consistent  results,  although  the  potential  sources  of  error  are  appreciably  cfifferent  for  the  two 
methods.  The  evacuated  grab  sample  technique  collects  relatively  small  airwunts  of  air  in  a period 
of  20  to  30  seconds.  Altitude  resolution  is  good  because  of  the  short  collection  time.  However, 
surface  contamination  or  reactions  can  be  important  because  of  the  low  pressures  in  the 
vessels. 

The  cryosampling  technique  on  the  other  hand  provides  much  larger  air  samples  but  periods  as 
long  as  20  to  30  minutes  are  required  for  collection.  Altitude  resolution  can  only  be  maintained 
through  slow  changes  in  balloon  altitude,  carrying  with  it  the  possibility  of  sample  contamination 
from  the  outgassing  of  the  balloon.  These  problems  are  more  severe  for  CCI2F2  and  CCI3F  and 
for  collections  made  during  the  balloon-ascent  and  float  phases,  and  such  contamination  is 
clearly  present  in  a number  of  samples.  For  this  reason,  all  data  collected  during  ascent  and 
float  have  been  excluded  from  consideration.  Most  of  the  errors  in  the  laboratory  measurements 
themselves  are  essentially  the  same  as  those  for  tropospfieric  air  samples.  The  mixing  ratios 
found  in  mid-stratospheric  air  are  lower  than  those  in  the  troposphere^  so  that  the  percentage 
errors  increase  with  increasing  altitude.  The  observed  concentrations  fall  below  the  available 
sensitivity  only  for  CCI3F  at  altitudes  in  the  region  above  30  km. 

The  results  from  three  of  these  groups,  compared  over  narrow  latitude  bands,  are  shown  for 
equatorial  latitudes  in  Figures  1-13,  1-14,  1-15  and  mid-latitudes  in  Figures  1-16  through  1-21. 
They  are  in  good  agreement  with  one  another.  The  grab-sample  data  of  Heidt  et  al.  at  32*N 
provide  altitude  profiles  which  are  consistent  with  the  latitude  differences  in  the  troposphere 
shown  in  Figures  1-4,  1-8,  and  1-9  but  no  data  for  these  latitudes  exist  from  any  of  the  other 
grab  sample  experinients.  The  two  single  altitude  profiles  obtained  by  infrared  techniques  at  32^ 
and  3(7*5  also  fall  in  between  the  trends  shown  in  Figures  1-16  through  1-21.  The  data  for  CCI3F 
and  CCIjF2  ha\r»  been  corrected  for  the  well-established  secular  increase  in  each  using  the 
tropospheric  measurements  described  in  Figures  1-8  and  1-9, 
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A common  f««ture  of  the  data  in  Figures  1*16  through  1-21  is  the  irtcreased  scatter  of  data  ^ 
higher  altitudes.  The  high  degree  of  correlation  among  all  three  components  in  individual 
samples  at  these  altitudes  demonstrates  that  much  of  this  variability  arises  because  of  transport. 

With  each  of  the  three  molecules  the  concentrations  fall  off  more  rapidly  in  mid-latitudes  than  in 
the  tropics.  This  behavior  is  expected  from  the  known  met«oroi<Hlical  patterns  through  which 
upward  mixing  into  the  stratosphere  occurs  preferentially  in  tropical  latitudes,  followed  by 
poleward  mixing  within  the  stratosphere  itself.  The  change  in  mixing  ratio  with  altitude  is  more 
rapid  at  both  latitudes  for  CCI3F  than  for  either  CCI2F2  or  N2O.  This  difference  in  relative 
concentration  is  indicative  of  more  rapid  decomposition  of  CCI3F,  consistent  with  higher 
absorption  cross  sections  for  solar  ultraviolet  radiation  in  the  190  to  230  nm  wavelength  range. 

The  vertical  profile  of  CH3CI  as  obtained  from  gas  chromatographic  measurements  on  cryogenic 
samples  from  balloon  flights  over  Southern  France  (44*N)  is  shown  in  Figure  1-22.  The  data, 
although  largely  scattered,  clearly  show  a very  rapid  decrease  from  600  ppt  at  the  tropopause  to 
about  20  to  40  ppt  at  30  km  indicating  the  short  lifetime  of  CH3CI. 


Figur*  113.  MM$ur«m«nU  of  N2O  at  a function  of  altitude  in  tha  equatorial  region. 
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14.  Measurenents  of  CF2CI2  (FC-12)  as  a function  of  altitude  in  the  equatorial  region. 


Figure  M5.  Measurements  cf  CCI3F  (FC-11 ) as  a function  of  altitude  in  the  equatorial  reg,on. 
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Figure  1-18.  Mid-latitude  summer  vertical  profile  of  CCI2F2  (f^C-12). 
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Figure  1-19.  Mid-latitude  winter  vertical  profile  of  €012^^2 
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Figure  1-22.  Vertical  profile  of  CH3CI  at  44°  northern  latitude.  The  data  were  measued  by  GC-FID 
and  GC-MS  <Penkett  et  al.,  1979)  from  samples  collected  cryogenically  during  a joint 
balloon  program  (Fabian  et  al.,  1979). 

CARBON-CONTAINING  SPECIES 
Carbon  Dioxid*  'CO2) 

Vertical  profiles  of  CO2  have  been  measured  routinely  at  NCAR  using  a volumetric  technique, 
achieving  a precision  of  t3  ppm.  About  the  same  precision  has  been  achieved  at  the  KFA  using 
gas-chromatography.  The  precision  of  the  g^  -chromatographic  measurements  has  recently  been 
improved  to  tO.5  ppm  (Volz  et  al.,  1981b).  Additional  measurements  have  been  made  by  Bischof 
et  al.  (1980)  using  the  infrared  absorption  technique,  and  by  Mauersberger  and  Finstad  (1980) 
using  a balloon-borne  mass  spectrometric  method. 

The  individual  profiles  of  CO2  are  plotted  in  Figure  1-23.  As  can  he  seen,  the  older  volumetric 
and  GC-data  show  a large  scatter  but  no  significant  gradients  of  the  CO2  mixing  ratio  in  the 
stratosphere.  However,  from  the  more  recent  data  (Volz  et  al.,  1%1b)  and  from  the 
measurements  by  Bischof  et  al.  (1980),  a weak  but  significant  gradient  is  obs^'ved  in  the  lower 
stratosphere,  namely  the  CO2  mixing  ratio  is  found  to  decrease  by  about  6 to  7 ppm  between  the 
tropopause  and  20  km  altitude.  From  a time  series  analyses  of  CO2  profiles  measured  o.or  the 
past  decade,  Volz  et  al.  (1980)  found  approximately  the  sarne  teniporal  increase  of  CO2  in  *he 
upper  stratosphere  as  is  observed  for  the  troposphere. 

The  measurements  by  Mauersberger  and  Finstad  (1980)  show  the  mixing  ratio  of  CO2  to  increase 
rapidly  with  altitude  in  the  upper  stratosphere  in  contradiction  to  all  otfier  measurements,  a 
finding  which  cannot  be  explained  within  our  present  knowledge. 
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Figure  1 -23.  Vertical  profiles  of  CO2  at  mid-latitudes.  Some  of  the  scatter  is  due  to  the  observed  secular 
increase  of  CO2  in  the  stratosphere  (Volz  et  al.,  1981b)  during  the  time  the  different 
profiles  were  measured. 


Carbon  Monoxide  (CO) 

Since  the  appearance  of  NASA  RP  1049,  little  progress  has  been  niade  in  establishing  the  vertical 
profile  of  CO  in  the  mid-stratosphere.  The  sampling  techniques  are  suspect  as  CO  could  be 
produced  in  the  sampler  in  the  presence  of  high  O3  concentrations  (Fabian  et  al.,  1981).  Some 
effort  has  been  made  by  the  MPI-Lindau,  MPI-Mainz,  and  KFA-|ulich  groups  to  overcome  this 
problem  by  destroying  O3  at  the  intake  of  the  sampler  using  copper  and  silver  catalysts. 
Laboratory  tests  show  that  O3  can  be  destroyed  efficiently  without  production  or  destruction  of 
CO.  However,  more  laboratory  tests  are  required  to  prove  beyond  ooubt  that  the  contamination 
problem  caused  by  O3  can  be  solved  completely.  Due  to  this  contamination  problem,  only  CO 
data  from  in  situ  sampling  below  22  km  and  above  40  km  where  the  O3  concentration  is 
sufficiently  low  have  been  included  in  Figure  1-24.  In  addition  to  this  very  limited  data  set,  two 
sets  of  remote  measurements  are  included,  one  from  Farmer  et  al.  (1980)  between  22  and  30  km, 
and  three  total  column  measurements  made  by  Zander  et  al.  (1981)  above  30  km. 

Although  the  experimental  data  are  extremely  limited,  the  measurenienis  cover  the  vertical  profile 
of  CO  between  the  tropopause  and  50  km.  The  combined  data  in  Figure  1-24  suggest  a decrease 
of  CO  across  the  tropopause  and  in  the  lower  stratosphere  up  to  20  km.  Above  this  altitude  the 
CO  mixing  ratio  is  constant,  at  10  ppb,  up  to  30  km.  It  then  increases  to  40  ppb  around  40  to  50 
km  altitude.  Wore  reliable  measurements  of  CO  in  the  middle  and  upper  stratosphere  are  required 
to  establish  the  vertical  profile. 
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Figure  1-24,  Vertical  profile  of  CO  at  mid-latitudes. 


HYDROGEN-CONTAINING  SPECIES 
Molecular  Hydrogen  (H2) 

R«!cent  stratospheric  rneasurennents  of  H2  are  summarized  in  Figure  1-25.  The  profiles  obtained  at 
three  latitudes  show  little  vertical  and  latitudinal  variation. 


The  data  at  40  to  60TN  show  a clear  decrease  with  altitude,  from  0.55  ppm  at  the  tropopause  to 
0.45  ppm  at  35  km  altitude  (Ehhait,  1978;  Fabian  a.  al.,  1979).  A similar  trend  although  with  a 
much  larger  uncertainty  can  be  deduced  from  the  data  at  6(fN.  No  significant  trend  is  .'ound  for 
the  data  at  32*M  over  Palestine,  Texas.  It  should  be  noted  that  the  absolute  calibration  of  the 
NCAR  data  is  about  10%  lower  than  that  of  the  KFA.  It  has  been  shown  by  Ehhait  and  Tonnissen 
(I960)  in  a qualitative  way  that  elevated  levels  of  stratospheric  H2  are  asscKiated  with,  and 
probably  caused  by,  increased  concentrations  of  CH^. 
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Figure  1-25.  Vertical  profiles  of  H2  at  different  latitudes.  The  NCAR  data  are  published  by  Pollock  et  al.  (1980) 
and  Ehhait  et  al.  (1975a,  b),  the  KFA  data  by  Volz  et  al.  (1981b),  and  Fabian  et  al.  (1979, 1981). 
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MtthMM  (CH4) 

Vertical  profiles  of  CH4  have  been  measured  since  1965.  Most  of  the  sampling  flights  were  per- 
formed at  32*N,  44*N^  and  52*N.  Only  data  from  two  flights  exist  for  latitudes  >6(f  (NAS)  and 
only  one  profile  for  the  tropics.  Measurements  were  performed  either  by  gas  chromatography  on 
grab  samples  and  cryogenic  samples  collected  In  situ  during  balloon  and  aircraft  flights  or  by 
using  long  path  infrared  absorption  from  balloons.  In  Figure  1-26  the  results  are  plotted 
s^arately  in  four  latitude  bands.  All  NCAR  measurements  made  prior  to  1974  were  multiplied  by 
a factor  of  1.2  (Heidt  and  Ehhalt,  1960). 
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Figure  1-26.  Vertical  profiles  of  CH^  at  different  latitudes.  The  NCAR  data  by  Pollock  et  al.  (1980), 

Ehhalt  and  Heidt  (1973a, b),  Ehhalt  et  al.  (1974, 1976a,  b);  the  NOAA  data  by  Bush  et  al.  (1978); 
and  the  KFA  data  by  Volz  et  al.  (1981b),  Fabian  et  al.  (1979,  1981).  The  NCAR  data  prior  to  1975 
were  corrected  by  a factor  of  1.2  (Heidt  and  Ehhalt,  1M0). 

At  first  glance,  only  the  tropical  profile  deviates  significantly  from  the  others,  showing  a 
much  weaker  gradient  in  the  stratosphere.  This  behavior,  which  is  also  confirmed  by  the  profiles 
of  other  long-liveci  trace  gases  such  as  N2O  and  FC-12,  signifies  a considerably  stronger  upward 
transport  in  the  tropics  than  in  mid-latitudes.  A closer  investigation  shows  some  minor  but  still 
significant  differences  among  the  mid-latitude  profiles.  The  average  profile  at  32^  shows  only  a 
very  weak  gradient  between  20  and  30  km,  and  on  several  occasions,  profiles  with  a well-mixed 
layer  in  this  altitude  range  were  observed.  This  behavior  can  be  explained  by  the  stratospheric 
bra(.''h  of  the  tropical  Hadl^  circulation  displacing  air  from  the  tropical  mid- stratosphere  with  a 
weak  CK4  gradient  into  the  bwer  stratosphere  at  30RM,  (Ehhalt  and  Tonnissen,  1%0).  On  some 
occasions,  layers  of  almost  constant  mixing  ratio  were  also  observed  at  44*N.  In  addition,  from 
the  individual  profiles  collected  at  44*N,  there  is  a slight  hint  of  a seasonal  variation  of  the 
stratospheric  CH^  concentration,  especially  above  25  km,  where  the  average  profile  shows  a 
relatively  large  variability  compared  to  lower  altitudes.  At  higher  latitudes,  the  data  though 
sparse  indicate  a more  or  less  linear  decrease  of  the  CH4  mixing  ratio  with  altitude  above  the 
tropopause. 
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In  principle  there  is  good  egreement  between  the  remote  and  the  in  situ  nwasurements,  except 
for  one  profile  by  Ackerman  et  al*  (1978)  obtained  in  October  1975  over  Southern  France  (43^). 
This  profile  shows  a much  steeper  gradient  of  CH4  than  is  found  by  both  in  situ  and  the  other 
IR  observations.  A similarly  steep  gradient  was  also  observed  during  a flight  over  Texas  (32*N)  in 
lune  1975  (Pollock  et  al.,  1980). 

Ethane,  Propane  and  Aoatylana  (C2H0,  C3Hg,  and  CgHg) 

Only  three  of  the  hydrocarbons  present  in  the  troposphere  have  been  observed  in  the 
stratosphere;  ^hane,  C2H5  , propane,  C3Hg  . and  acetylene,  C2H2.  The  tropospheric  background 
mixing  ratios  of  these  species  are  quite  low;  around  1 to  2 ppb  for  C2H5  and  up  to  several 
hundred  ppt  for  C3H5.  In  addition,  they  show  a strong  latitudinal  gradient  with  even  lower 
values  at  the  Equator.  The  C2Hg  mixing  ratio  at  the  Equator  is  lower  by  about  a factor  of  five; 
C3Hg  and  C2H2  decrease  by  a factor  of  cen  (Rudolph  et  al.,  1979;  Singh  et  al.,  1979;  Harrison  et 
al.,  1979;  Cronn  and  Robinson,  1979).  Because  of  their  bw  tropospheric  concentrations  the 
fluxes  of  these  gases  into  the  stratosphere  are  small  and  their  impact  on  the  stratosphereic 

carbon  and  hydrogen  budgets  is  negligible.  Singh  and  Hanst  (1961)  have  proposed  that  oxidation 

products  of  ethane  and  propane  are  important  carriers  of  reactive  nitrogen. 

C2H5  and  C3Hg  react  rapidly  with  atomic  chlorine.  Cl,  and  can  decrease  the  Cl  concentration 
significantly  in  the  lower  stratosphere  (Aikin  et  al.,  1980;  Rudolph  ct  al.,  1981).  Measured 
profiles  of  C2Hg  have  been  u'ied  to  deduce  the  vertical  profile  of  Cl  atoms  in  the  lower 
stratosphere,  where  direct  observation  of  Cl  atoms  is  not  yet  feasible  (Rudolph  et  al.,  1961). 

The  measured  vertical  profiles  of  C2H^  , C2H2  , C3Hg  are  shown  in  Figures  1-27  through  1-30. 

All  of  these  gases  exhibit  a strong  decrease  in  the  mixing  ratb  with  altitude.  The  measured 

profiles  of  C2H2  and  C3Hg  agree  reasonably  well  th  those  predicted  from  a one-dimensional 
steady-state  model.  In  contrast  C2H^  which  is  destroyed  by  reaction  with  Cl,  decreases  less 
steeply  than  predicted.  This  has  been  interpreted  to  indicate  substantially  lower  Cl-atom 
concentrations  in  the  lower  stratosphere  than  predicted  by  models  (Rudolph  et  al.,  1961). 


Figure  1-27.  Vtrticai  profitas  of  th«  C2HQ  mixing  ratio  in  the  stratotphara  ovar  Southarn  Frano<  44*N 
latituda  (Rudolph  at  al.,  1961 ).  Tha  stipplad  araa  shows  tha  rang*  of  dita  by  Cronn  and 
Robinson  (1979)  ovar  San  Francisco  Bay  araa  (37*N)  in  April  1977. 
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CsHg  MIXING  RATIO 

Figure  1-30.  Vertical  profiles  of  the  CgHg  mixirrg  ratio  in  the  stratosphere  over  Southern  Franca,  44*N  latitude 
(Rudolph  et  al.,  1981 K 


STRATOSPHERIC  WATER  VAPOR  (H2O) 

Introduction 

Ellsaesser  ct  al.  (1980)  discussed  the  knowledge  of  the  physical  and  chentical  properties  of 
stratospheric  H2O  in  1979.  In  that  work,  a compilation  of  measured  profiles  was  siven  in 
graphical  form  and  a number  of  conclusions  were  drawn.  In  general,  the  basic  Brewer  theory  of 
tropical  ‘freeze  drying*  within  the  rising  equatorial  branch  of  the  Hadley  cell  was  thought  to  be 
valid.  However,  a number  of  questions  remained. 

• Are  there  significant  long-period  trends  in  lower  stratospheric  mixing  ratio,  suggesting 
changes  in  circulation  or  tropical  tropopause  temperatures? 

• Is  the  decrease  in  mixing  ratio  with  height  just  above  the  tropical  tropopause  as  identified 
by  Kley  et  al.  (1979)  during  their  only  tropical  sounding  a regular  feature  of  the 
stratosphere? 

• Are  there  latitudinal  gradients  of  the  mixing  ratio?  If  so,  are  they  poleward-directed  or 
equator-directed? 

• Are  there  increases  in  ntixir.g  ratio  with  height?  If  so,  can  the  increase  be  fully  accounted 
for  by  CH^  oxidation. 
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Although  only  2 years  have  elapsed  since  that  survey,  some  progress  has  been  made  in  the 
measurements  and  the  conceptual  asjjects  of  water  vapor  exchange  between  troposphere  and 
stratosphere.  The  H2O  mixing  ratios  are  graphically  represented  in  Figures  1-31  through  1-35.  An 
attempt  has  been  tTiade  to  separate  the  data  according  to  latitude.  A shaded  band  indicates  the 
range  of  exp>eri.Tiental  results  obtained  from  several  flights. 


Figure  1-31.  Altitude  profile  of  H2O  between  30  and  35°S  latitude.  If  more  than  one  flight  was  made  by  a 
certain  group,  the  stippled  area  represents  the  range  of  their  measurement. 
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Figure  1-32.  Altitude  profile  of  H2O  between  10°S  and  10°N  latitude.  If  more  than  one  flight  was  made  by  a certain 
group,  the  shaded  area  represents  the  lange  of  their  measurement. 
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Figure  1-33.  Altituite  profile  of  H2O  between  30  and  35°N  latitude 
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Figure  1 34.  Altitude  profile  of  H2O  between  40  and  55*N  latitude  If  more  than  one  flight  was  made  by  a 
certain  group,  the  banded  area  represents  the  range  of  their  measurement. 
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Satellite  Measurements 

Water  vapor  profiles  have  been  obtained  by  the  LIMS  instrunrent,  extending  from  the  tropopause 
up  to --SO  km,  for  a number  of  specific  occasions,  and  generally  show  a fairly  gradual  increase  of 
mixing  ratio  with  height  over  this  range.  An  example  of  this  data  is  compared  in  Figure  1-36  with 
profiles  obtained  simultaneously  by  two  balloon-borne  instruments:  an  infrared  radiometer  from 
the  Atmospheric  Environment  Service  (labelled  AES),  and  the  WIRS  instrument  of  the  National 
Physical  Laboratory.  The  data  agree  closely  giving  encouragement  that  at  least  In  the  lower 
stratosphere,  the  LIMS  data  appears  to  agree  well  with  independent  observations. 

In  the  case  of  SAMS,  full-scale  processing  has  also  yet  to  commence.  However,  recent  work 
(Colbeck,  personal  communication)  has  produced  the  vertical  profile  shown  in  Figure  1-37,  which 
is  the  average  of  about  five  orbits  of  data.  The  most  interesting  feature  is  the  increase  of  mixing 
ratio  with  height,  up  to  a peak  at  about  50  km.  In  addition,  a poleward-directed  gradient  of 
mixing  ratio  is  observed  in  the  limited  SAMS  data  set  so  far  studied. 

Other  Measurements 

Virtually  all  the  observations  shown  in  Figures  1-31  through  1-35  show  an  increase  in  H2O  mixing 
ratio  between  the  tropopause,  or  in  some  cases  a somewhat  higher  level,  and  30  or  40  km 
altitude.  The  satellite  observations  and  some  of  the  earlier  measurements  (O'Brien  and  Evans, 
personal  communication;  Radford,  1977)  seem  to  indicate  a marked  peak  in  the  H2O  mixing  ratio 
at  the  55  to  60  km  level.  However,  Rogers  et  al.  (1977)  and  Waters  et  al.  (1960)  have  reported 
constant  mixing  ratios,  centered  around  4 ppmv  at  these  altitudes.  Since  there  are  no  theoretical 
arguments  for  large  mixing  ratios  peaking  around  55  to  60  km,  confirming  measurements  are 
needed  before  those  results  can  be  considered  real. 
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Figure  1-36.  Measurements  of  H2O  mixing  ratio  over  Palestine,  Texas  on  November  8,  1978  by  two  balloon- 
borne  in  situ  instruments  (WIRS  and  AES)  compared  to  the  LIMS  profile  retrieved  with  the 
operational  algorithm  (Gille  and  Russell,  personal  communication). 


Fi^re  1-37.  A preliminary  retrieval  from  two  of  the  five  water  vapor  channels  of  the  Nimbus  7 SAMS  instru- 
ment (after  Colbeck,  personal  communication).  Data  in  a latitude  band  from  55  to  5 N are  averaged 
together  for  April  4,  1979.  The  error  bars  increase  at  the  higher  levels  due  to  the  lack  of  information 
in  these  channels. 
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A search  of  Figures  1-31  through  1-35  for  latitudinal  gradients  of  water  vapor  does  not  provide 
valuable  information,  if  the  Brewer  mechanism  is  conceptually  valid,  none  would  be  expected. 
However,  since  in  this  concept  (rther  constituents  enter  the  stratosphere  (together  with  water) 
at  the  tropical  tropopause^  methane  would  be  injected  and  slowly  oxidited  on  its  poleward 
transport  so  that  the  stratospheric  column  density  of  water  vapor  would  be  expected  to  increase 
toward  the  poles.  The  increase  of  the  mixing  ratio  with  altitudes  shown  on  all  of  the  Figures 
1-31  through  1-35  is  not  sufficient  proof  that  the  methane  oxidation  mechanism  has  been 
detected,  it  is  probably  safe  to  assume  that  any  latitudinal  effect  due  to  CH4  oxidation  is 
masked  by  errors,  relative  and  absolute.  We  must  wait  for  more  latitudinal  surveys,  preferabfy 
done  with  the  same  instrument.  As  already  stressed  (Ellsaesser  1900)  those  surveys  must  be 
made  from  platforms  operating  well  above  the  tropopause,  such  as  satellites. 

Louisnard  et  ai.  (196Ua,b)  have  measured  H2O  and  CH4  simulataneously  using  IR  absorption 
spectroscopy  and  obtained  values  of  the  ratio  CH4/H2O  shown  in  Figure  1-38.  I.*^  conclude 
that  the  slight  increase  in  H2O  observed  above  28  km  is  compatible  with  the  CH4  source,  but 
that  the  faster  increase  between  20  and  28  km  cannot  be  attributed  to  this  source.  Pollo^  et 
ai.  (1980)  report  measurements  of  CH4  and  H2O  as  did  Farmer  et  al.  (1960),  and  these  results  are 
also  shown  in  Figure  1-38.  Figure  1-38b  shows  the  ratio  R,  where  R is  given  by: 

R * 2 AICH4I/  a!H20] 

where  the  differences.  A,  are  calculated  from  the  value  at  the  lowest  level  of  observation. 

This  ratio,  R,  should  equal  unity  if  CH4  oxidation  is  the  only  source  of  H2O  in  this  height 
interval.  Figure  1-38a  indicates  reasonabiy  good  agreement  in  the  ratio  CH4Al2^  between 
observers  giving  values  of~0.2  to  0.3  at  25  km  to~0,08  to  0.15  at  35  km.  Although  the  scatter  in 
the  ratio,  R,  (Figure  1-38b)  is  much  worse,  the  values  are  universally  <1.0;  this  implies  that  the 
increase  in  H2O  with  height  is  larger  than  would  be  expected  froni  CH4  oxidation  alone. 


Fiaur*  1-38.  (a)  Tha  ratio  ICH4I  /(H2O]  taken  from  Farmer  et  al.  (1980),  Pollock  et  al.  (1980),  and  Louisnard 

etal.  (1980b). 

(b)  The  ratio,  R,  (see  text)  formed  from  the  same  data.  The  differences  were  obtained  by  subtractirrg 
the  mixing  ratio  at  the  lower  level  at  which  both  H2O  and  CH4  were  observed,  from  the  values  at 
higher  levels.  In  the  case  of  Pollock  et  al.,  a single  average  of  many  measurements  is  shown. 
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A new  in  situ  device,  developed  by  Kley  and  his  associates  (Kley  et  al»,  1979;  Kiey  and  McFarland, 
1960)  has  now  evolved  as  a powerful  technique.  These  authors  have  built  a sensitive  instrument 
with  a fast  response  time  for  balloons  and  aircraft  which  can  resolve  tens  of  meters  in  the 
vertical*  Measurements  of  H2O  and  temperature  in  mid-latitudes  (Wynming)  generally  show 
undersaturation  in  the  upper  troposphere  although  on  one  flight  in  Brazil  (Kley  et  al.,  1979) 
saturation  was  observed  at  the  tropical  tropopause.  The  results  of  the  Brazil  flight  are  shown  in 
Figure  1-39.  However,  previous  observations  by  Dobson  and  coworkers  (Brewer,  1949;  Dobson  et 
ai.,  1946)  over  southern  England  (-^STTi)  have  shown  cases  of  both  saturation  and 
undersaturation  below  the  tropopause.  Saturation  would  indicate  a contradiction  to  the  Brewer 
model.  Even  super-saturation  has  been  observed  (Dobson  et  al.,  1946;  Kley  et  al*,  1960).  It  was 
pointed  out  by  Kley  et  al.  (1979)  that  tropical  stratospheric  air  has  a minimum  mixing  ratio  at 
about  60  mb  or  19  km  (see  Figure  1-38).  This  is  well  above  the  tropopause.  Robinson  (1960)  has 
found  more  examples  from  literature  studies.  These  observations  indicate  that  the  simple  Brewer 
mechanism  needs  to  be  refined. 

The  second  aspect  of  the  work  of  Kley  et  al.  is  the  structure  observed  in  more  recent  soundings 
(Kley  et  al.,  1980).  Larger  structure  (the  ‘fine  structure*)  on  a 1 to  2 km  width  and  structure  on 
a scale  of  200  to  400  m (the  ‘micro- structure’)  were  observed  (Figure  1-40,  Kley  et  d.,  1980). 
This  layering  should  be  confirmed  by  other  groups,  however,  since  fine-structure  and 
micro-structure  was  repeated  on  ascent  and  descent  it  suggests  that  the  structure  was  real. 
Other  soundings  (Kl^  et  al.,  unpubtisFied  results)  gave  micro-structure  that  was  different  on 
ascent  and  descent.  It  is  possible  that,  due  to  swinging  of  the  payload,  extraneous  water  from 
other  parts  of  the  payload  could  have  contributed  to  the  observed  micro  structure  on  those 
occasions.  Kley  et  al.  also  find  a significant  correlation  between  water  and  ozone  in  the  lower 
stratosphere.  This  is  discussed  in  detail  in  Chapter  2. 

Another  set  of  water  vapor  data  are  the  frost  p>oint  measurements  of  Mastenbrook  that  are  being 
continued  by  NOAA.  In  a recent  paper  (Mastenbrook  and  Daniels,  1900)  data  from  four  flights 
over  Washington,  D.C.  during  the  early  part  of  1979  are  reported.  A map  of  annual  variations  of 
stratospheric  H2O  over  Washington,  D.C.,  based  on  12  years  of  data,  is  presented  here  in  Figure 

1-41. 

The  composite  water  vapor  profile  of  Figure  1-41  is  recomnrended  for  chemical  modeling 
purposes  in  the  lower  stratosphere  at  mid-latitudes  (z<20  km).  In  the  higher  stratosphere,  up  to 
the  stratopause,  no  such  recommendation  can  be  given  at  this  time.  Mastenbrook' s instrument 
tends  to  produce  altitude  independent  mixing  ratios  whereas  Kley's  Instrument  normally  gives  a 
moderate  increase  of  1 to  3 ppmv  between  tropopause  and  32  km  at  mid-latitudes.  The  issue  is 
unresolved  and,  therefore,  most  of  the  data  collected  in  Figures  1-31  through  1-35  should  be 
considered  of  equal  weighs  at  this  time. 

For  the  equatorial  lower  stratosphere  it  is  suggested  that  Figure  1-39  be  used.  This  profile  is 
similar  to  earlier  ones  by  Mastenbrook  (1968)  but  shows  the  hygropause  clearly.  It  should  be 
noted  that  it  is  the  minimum  in  water  vapor  some  3 km  above  tropical  tropopause  that  was 
referred  to  as  hygropause  by  Kley  et  al.  (1979). 


ALTITUDE  (km) 


During  the  last  2 years,  considerable  progress  has  been  made  in  the  development  of  two- 
dimensional  (altitude  plus  latitude)  chemical  models  of  the  stratosphere.  The  2-0  models  are 
approaching  the  completeness  of  1-D  models,  with  complete  chemical  species,  diurnal  effects, 
multiple  Rayleigh  scattering,  etc.  A description  of  the  structure  of  many  of  the  existing  2-D 
atmospheric  models  is  given  in  Table  2-14  of  Chapter  2.  Sinc%  measurements  of  long-lived  source 
species  are  available  for  several  latitude  regions,  only  2-D  models  will  be  used  for  comparison 
with  the  observations. 

Several  two-dimensional  rmdeling  groups  participated  in  the  Workshop  (Oxford,  NASA  Ames, 
Canada  AES,  Univ.  of  Oslo).  In  this  report  calculations  obtained  using  the  AER  (Ko  et  al.,  1961) 
and  the  Du  Pont  (Miller  et  al.,  1981)  2-D  models  will  be  given  as  examples  of  the  current  2-D 
results.  These  two  models  differ  considerably  in  their  model  structure  and  transport  data  base 
(see  Table  2-14),  so  their  use  allows  a first-order  assessment  of  the  sensitivity  of  results  to 
these  features  of  the  model  formulation.  Both  models  used  the  most  recent  NASA/CODATA 
(1981)  chemical  reaction  rate  set. 

Several  long  lived  trace  species,  such  as  N2O,  CH^,  H2,  CFCs,  CH3CI,  and  CO,  are  primarily  of 
tropospheric  origin.  These  species  are  the  sources  of  the  free  radicals  and  other  relatively 
short-lived  species  in  the  stratosphere.  Since  the  photochemistry  of  these  source  species  is 
relatively  simple  and  thought  to  be  fairly  well  characterized,  the  latitudinal  and  vertical  distribu- 
tions of  these  species  are  strongly  dependent  on  the  parameterization  of  transport  processes. 
Because  of  this,  these  species  (particularly  N2O)  are  often  used  to  derive  the  vertical  diffusion 
coefficient  K^2  1-D  models  or  to  tune  the  transport  parameterization. 
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Atmospheric  measurement  prt^ams  ha>«  led  to  a significant  increase  in  our  knowledge  of  the 
variation  of  the  vertical  distributions  of  these  iong-lived  trace  species  with  iatitude.  It  is  now 
possible  to  make  detailed  comparisons  between  the  measured  and  calculated  latitudinal  varia- 
tions* These  comparisons  can  test  the  2-D  models'  ability  to  reproduce  the  important  features 
of  atmospheric  transport.  Although  such  comparisons  clearly  cannot  'validate*  the  models,  they 
provide  the  first  step  in  assessing  the  utility  of  the  2-D  models  as  diagnostic  and  predictive 
tools. 

NITROUS  OXIDE  (N2O) 

The  observed  N2O  vertical  profile  for  the  equatorial  region  is  shown  in  Figure  1-42,  along  with 
the  calculations.  The  Du  Pont  calculations  include  a band  giving  the  range  of  the  modeled 
results  over  the  latitude  band  in  question  and  the  seasons  of  the  year,  while  the  AER  calcula- 
tions are  for  July  and  are  shown  as  the  dashed  profiles. 


Figura  1-42.  N2O  vertical  mixing  ratio  profiles  in  the  tropics.  Points  are  observations.  Solid  lines  give  the  range 

of  values  over  seasons  from  the  Ou  Pont  2-D  model  ( C.  Miller  et  al.,  1981).  Dashed  curve  gives  results 
of  AER  2-0  model  (Ko  et  al.,  1981 ) for  summer. 

Figure  1-43  gives  a similar  compilation  for  mid-latitude  observations,  TheN20  concentration  falls 
off  with  altitude  much  more  rapidly  at  mid-latitudes  than  at  the  Equator,  with  values  at  30  km  of 
60  ppb  and  200  ppb,  respectively.  The  mid-latitude  observations  also  seem  to  show  considerably 
more  variability,  perhaps  due  to  seasonal  changes  in  transport.  Both  of  these  features  are  qualita- 
tively reproduced  by  the  models.  The  smaller  vertical  gradient  in  the  tropics  is  a manifestation 
of  the  rising  mean  circulation,  which  carries  tropospheric  air  up  into  the  stratosphere.  The 
seasonal  variations  are  enhanced  at  rrvd-latitudes  due  to  both  greater  seasonal  differences  in  the 
mean  transport  and  to  seasonal  changes  in  the  N2O  photolysis  rate. 
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Figure  1-43.  N2O  vertical  mixing  ratio  profiles  near  45*N  latitude.  Points  are  the  summer  observations.  Solid 
lines  are  range  of  seasonal  variations  in  the  Du  Pont  model.  Dashed  lines  give  AER  profiles  for 
July;  upper  curve  ■ 30*N,  lower  curve  “ 50*N. 

The  AER  model  exhibits  sonrsewhat  better  agreement  with  the  measurements  at  mid-latitudes,  with 
calculated  mixing  ratios  in  the  30  to  40  km  region  about  a factor  of  two  lower  than  that  in  the 
Du  Pont  model.  This  is  probably  due  to  a slower  effective  vertical  transport  rate  at  mid-latitudes 
in  the  AER  model. 

METHANE  (CH4) 

The  observations  and  model  calculations  for  methane  are  shown  in  Figure  1-44.  Most  of  the 
observations  are  from  25*N  to  60^.  In  this  region,  the  Du  Pont  model  fits  the  data  quite  well, 
while  the  AER  model  is  somewhat  Sower  than  the  mean.  The  differences  between  the  various 
measurements  arc  somewhat  larger  than  the  2-D  models  would  calculate  on  the  basis  of  annual 
variations,  particularly  around  30  km  in  the  25"N  to  35"N  band. 

As  with  the  1 *D  models,  it  is  difficult  for  a 2-D  model  to  simultaneously  fit  mid-latitude  vertical 
profiles  for  both  N2O  and  CH4  with  the  same  transport  parameterization.  This  nwy  be  due  either 
to  an  inaccurate  description  of  the  photochemistry  of  these  two  species  or  to  the  inability  to 
accurately  parameterize  the  eddy  (Effusion  of  all  species  using  the  same  diffusion  coefficients. 
(See  the  discussion  in  Chapter  2). 

There  unfortunately  exist  few  high-latitude  or  low-latitude  CH4  measurements.  The  only 
measured  vertical  profile  in  the  tropics  shows  no  gradient  between  25  and  35  kn\  while  the 
niodels  calculate  a decrease  by  a factor  of  four. 
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Figure  1-44.  CH^  vertical  mixing  ratio  profiler  for  telected  latitude  bends.  Observations  are  the  points.  Solid 

and  dashed  curves  give  seasonal  variations  in  the  latitudinal  regions  obtained  with  the  Du  Pont  and 
AER  models,  respectively. 

MOLECULAR  HYDROGEN  (H2) 

Measurements  of  H2  are  essentially  limited  to  mid-latitudes.  As  shown  in  Figure  1-45,  the 
measurements  are  characterized  by  a constant  mixing  ratio  from  ground  level  up  to  30  km,  with  a 
decrease  above  that  altitude.  Data  above  40  km  are  needed  to  verify  this  decrease.  The  spread  in 
the  observations  is  greater  than  calculated  by  seasonal  variations  in  the  model,  particularly  near 
3(TN. 


Figure  1-45.  Hj  vvrticel  mixing  ratio  profiles  for  selected  latitude  bands.  Observations  are  the  points.  Solid 
curves  give  seasonal  variations  calculated  with  the  Du  Pont  model. 
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is  the  case  with  1-D  models,  the  2-0  models  seem  to  show  a slightly  more  rapid  decrease 
with  altitude  above  30  km  than  the  observations  suggest.  This  is  most  evident  in  the  comparison 
with  data  at  30*N,  where  a discrepancy  Is  implied  if  the  measurements  are  correct.  Since  H2  has  a 
photochemical  source  throughout  the  atmosphere,  it  is  possible  that  the  differences  between  the 
models  and  the  observations  may  be  due  to  a remaining  inaccuracy  In  the  chemical  scheme. 

MONOFLUOROTRICHLOROMETHANE  (CCI3F,  FC11) 

The  atmospheric  measurements  discussed  in  this  section  were  obtained  by  several  groups  during 
the  years  1976-1979.  During  this  3-year  period,  the  tropospheric  concentrations  of  the  chlorine 
species  CCijF  and  CCI2F2  increased  by  about  In  this  section,  the  vertical  profile  measure- 
ments presented  earlier  in  this  chapter  for  FC-11  and  FC-12  have  been  ten^oraily  scaled  to 
represent  mid-1980  values. 

The  equatorial  measurements  and  calculations  for  CCI3F  are  shown  in  Figure  1-46.  The  observa- 
tions are  characterized  by  a decrease  in  the  mixing  ratio  between  20  and  30  km  by  a factor  of 
about  30.  The  calculations  also  show  a rapid  decrease,  but  at  30  km  they  fall  somewhat  above 
the  observations.  The  mid-latitude  comparison  is  shown  in  Figure  1-47.  Mere  the  models  over- 
estimate the  CCI3F  mixing  ratio  by  about  an  order  of  magnitude  at  30  km,  as  do  the  1-D  models. 

A possible  cause  of  this  discrepancy  may  be  an  underestimate  of  the  photolysis  rate  of  CCI3F. 
FC-11  photolysis  depends  sensitively  on  the  penetration  of  radiation  through  the 
Schumann-Rungc  region  of  the  molecular  oxygen  spectrum.  Frederick  and  Hudson  (1980)  obtained 
more  penetration  of  UV  in  the  Schumann-Runga  region  than  previously  calculated.  Observations 
obtained  on  a balloon  flight  indicate  that  the  penetration  is  even  greater  than  calculated  by 
Frederick  and  Hudson  (Hudson,  personal  communication,  1961). 


Fisur*  1-46.  FC-1 1 vertical  mixing  ratio  profiltt  irt  the  tropics.  Points  are  the  observations,  seeled  to  mid-1980. 
Solid  lines  give  range  of  seasonal  variations  in  ti'te  Du  Pont  model.  Dashed  curve  gives  summer 
profile  from  the  AER  model.  Model  calculations  are  for  the  year  1M0. 
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Figure  1-47.  FC-11  vertical  mixing  ratio  profiles  for  mid-latitudes.  Similar  to  Figure  1-46.  The  upper  and 

luwer  AER  curvet  are  for  30*N  and  SO*N,  respectively. 

An  alternate  suggestion  is  that  the  mid-latitude  discrepancy  for  FC-11  may  be  due  to  an 
inaccuracy  in  the  transport  parameterization.  If  Kyy  in  the  lower  stratosphere  were  reduced,  the 
mid-latitude  vertica!  gradient  for  FC-11  would  increase.  It  is  possible  that  such  an  adjustment 
could  decrease  the  discrepancy  for  FC-11,  which  has  a relatively  short  atmospheric  lifetime  (-60 
years),  without  adversely  affecting  the  currently  better  agreentent  between  models  and  observa- 
tions for  longer-lived  species  like  N2O  and  FC-12. 

DIFLUORODICHLOROMETHANE  (CCI2F2,  FC-12) 

Figure  1-48  gives  the  comparison  between  the  calculations  and  the  observations  .or  FC-12  in  the 
equatorial  region.  The  agreement  between  the  different  experimental  groups  and  the  models  below 
30  km  is  quite  good.  Above  30  km,  the  few  measurements  cover  a large  range  of  values,  with  the 
model  calculations  falling  at  the  upper  end  of  the  observations. 

At  mid-latitudes,  (see  Figure  1-49),  the  observations  exhibit  a spread  by  a factor  of  five  above  30 
km.  This  is  somewhat  greater  than  the  factor  of  two  variation  calculated  to  occur  over  the  lati- 
tude range  from  30^  to  50T4.  Both  models  predict  too  much  FC-12  above  25  km,  with  the 
discrepancy  apparently  increasing  monotonically  with  altitude.  The  AER  model,  due  to  its  slower 
vertical  transport,  seems  to  fit  the  observations  somewhat  better. 

The  contribution  to  FC-12  photolysis  from  the  Schumann-Runge  region  is  important.  Some  of  the 
discrepancy  between  models  and  measurements  for  FC-12  may  be  due  to  an  inaccurate  calculation 
of  Schumann-Runge  penetration. 
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METHYL  CHLORIDE  (CH3CI) 

Methyl  chloride  (CH3CI),  like  CH^,  is  removed  from  the  stratosphere  primarily  through  reaction 
with  the  HO  radical,  although  photolysis  accounts  for  about  30%  of  the  destruction  rate  above 
30  km.  Since  the  HO  concentration  is  sensitive  to  changes  in  the  chemical  data  base,  the  calcula- 
tions for  this  SF>ecies  am  somewhat  uncertain.  As  shown  in  Figure  1-50,  the  models  predict 
about  three  times  as  much  CH3CI  at  25  km  as  the  limited  observations. 


Figure  1-50.  CH3CI  vertical  mixing  ratio  profiles  near  45°N.  Points  are  the  observations,  taken  in  June. 

Solid  curve  is  Du  Pont  profile  for  44*N  June.  Dashed  curves  are  AER  model  results  (upper 
curve  = 30°N,  lower  curve  = 50  N)  for  summer. 

WATER  VAPOR  (H2O) 

Water  vapor  is  a highly  variable  constituent  of  the  lower  stratosphere,  with  the  complex 
dynamics  of  troposphere/stratosphere  exchange  being  important.  Most  current  models  fix  the 
H2O  concentration  in  the  troposphere,  and  some  fix  it  throughout  the  stratosphere  as  well. 
Latitudinal  variations  are  small.  Both  the  1-D  and  2-D  models  that  calculate  stratospheric  water 
vapor  show  an  increase  of  a few  ppm  from  an  altitude  of  20  km  to  50  km,  due  to  methane 
oxidation,  consistent  with  the  mean  of  the  observations. 

CARBON  MONOXIDE  (CO) 

Carbon  monoxide  is  distributed  nonuniformly  through  the  troposphere,  and  its  lower- 
tropospheric  removal  is  primarily  through  reaction  with  the  HO  radical.  Figure  1-51  compares  the 
limited  set  of  observations  presented  earlier  in  this  chapter  with  the  calculations.  The  calcula- 
tions, which  have  a specified  ground-level  CO  distribution  with  latitude,  give  the  qualitative 
shaF>e  erf  the  vertical  profile  at  mid-latitudes  and  fall  near  the  upper  end  of  the  observations. 
The  calculated  increase  of  CO  in  the  upper  stratosphere  is  due  to  photolysis  erf  CO2. 
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Figure  1-51 . CO  vertical  mixing  ratio  profiles  for  mid-latitudes.  Points  are  observations.  Solid  curve  is  calculated 
with  the  Du  Pont  model  for  SO^N  latitude,  spring/fall. 


SUMMARY 

The  long-lived  trace  species  can  be  divided  into  two  categories:  those  which  are  destroyed 
primarily  by  reaction  with  the  HO  radical  (CH^,  CHjCI)  and  those  which  are  destroyed  by 
photolysis  (N2O,  FC-11,  FC-12).  Although  it  may  be  fortuitous,  due  to  transport  tuning  in  many 
models  to  fit  N2O,  the  agreement  between  models  and  observations  is  better  for  longer-lived 
trace  gases  than  for  shorter-lived  species.  Of  the  species  destroyed  by  HO,  methane  is  better 
modeled  than  methyl  chloride. 

For  the  species  destroyed  by  phcrtolysis,  the  agreement  clearly  is  worse  for  the  shorter-lived 
FC-11  than  for  FC-12  or  N2O.  FC-11,  especially  at  mid-latitudes,  is  the  source  species  which 
exhibits  the  largest  and  best  established  discreparKy,  with  the  models  overpredicting  the  mixing 
ratio  by  an  order  of  magnitude  at  30  km  altitude.  If,  as  suggested  above,  this  is  due  to  an 
inadequate  parameterization  of  the  Schumann-Runge  band  absorption,  then  a more  accurate 
treatment  of  UV  penetration  may  improve  both  the  1-D  and  2-D  model  calculations  for  FC-11. 

The  two-dimensional  models  reproduce  the  qualitative  features  of  the  latitudinal  changes  in  the 
vertical  profiles  of  long-lived  trace  gases,  e.g.,  the  slower  vertical  decrease  at  the  equator  and 
more  rapid  decrease  at  higher  latitudes.  They  have  not  yet  solved  the  problem,  also  evident  in 
1-D  models,  of  fitting  the  mid-latitude  profiles  of  N2O,  CH4,  and  H2  with  the  same  parameters. 
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STRATOSPHERIC  DISTRIBUTION  OF  REACTIVE  TRACE  SPECIES 
ODD  OXYGEN 

The  principal  oxygen  radicals  are  0(^P),  0(^D),  02(^AX  02(^E),  O2  (other  excited  states)  and  O3. 
While  it  is  feasible  in  this  section  to  critically  analyze  all  of  the  available  data  on  the  first  five 
species,  a thorough  discussion  of  O3  is  obviously  of  such  magnitude  that  it  warrants  special 
treatment  (see  Ozone  Section).  Given  that  the  intention  of  this  docunnent  is  to  describe  the 
current  state  of  our  understanding  of  global  ozone  this  groi^  is  obviously  unique.  Atomic 
oxygen  in  the  ^D  level  is  of  critical  importance  for  establishing  the  oxidation  rate  of  source 
molecules  which  enter  the  stratosphere  such  as  CH4,  N2O  etc.,  but  there  currently  are  no  obser- 
vations of  (0"*D)  in  the  stratosphere.  The  electronically  excited  states,  02(^A)  and  02(^  T-X  have 
been  observed  but  the  data  base  is  small.  The  remaining  electronically  excited  states  of  O2 
C^Aji,  CEy)  have  not  been  observed. 

Atomic  Oxygen  (0{^)) 

There  are  six  observations  of  0(^P)  in  the  stratosphere,  all  obtained  using  a parachute-borne,  in 
situ  atomic  resonance  fluorescence  instrument,  the  results  of  which  are  shown  in  Figure  1-52. 
Experimental  accuracy  is  t30%  and  experimental  precision  t10%  for  each  measurement  (Anderson, 
1975). 

Several  points  are  apparent  from  Figure  1-52.  First,  there  is  both  local  structure  within  and 
absolute  displacement  among  observed  distributions  which  exceed  respectively  the  precision  and 
accuracy  of  the  measurements.  It  should  ^so  be  noted  that  the  local  structure  does  not  appear 
consistently.  For  example  the  profiles  observed  on  October  25,  1977  and  December  2,  1977  display 
a small  degree  of  local  structure,  typically  less  than  t20%  variation  over  an  interval  of  l1  km 
above  approximately  34  km.  Below  that  altitude  significantly  greater  local  structure  is  apparent, 
though  seldom  more  than  t50%.  On  the  other  hand,  the  remaining  four  observations  exhibit  at 
least  one  example  of  major  (factor  of  two)  variation  over  a ±2  km  interval  with  an  increasing 
structural  development  below  the  33  to  35  km  interval. 

For  one  observation  of  atomic  oxygen,  the  ozone  concentration  was  obtained  simultaneously, 
using  a modified  Dasibi  instrument  (see  Robbins  and  Carnes,  1978).  The  two  instruments  were 
mounted  approximately  one  meter  apart  on  the  descent  platform.  The  results  of  that 
observation,  which  encompass  the  altitude  interval  28  to  42  km,  are  shown  in  Figure  1-53. 
Observations  were  made  with  a solar  zenith  angle  of  50“  at  Palestine^  Texas,  32“N  latitude  on  2 
December  1977. 

The  atomic  oxygen-ozone  ratio  was  determined  from  those  observations  for  each  0<5  km  interval 
and  the  results  are  compared  in  Figure  1-54  with  the  calculated  ratio  from  the  diurnal  model  of 
Logan  et  al.  (1978)  for  a solar  zenith  angle  of  50*.  The  accuracy  of  the  (0(^P))  and  (O3) 
observations  is  *25%.  An  inspection  of  Figure  1-54  indicates  that  with  the  exception  of  the  two 
lowest  points  at  28  km,  the  calculated  and  observed  ratios  lie  well  within  the  experimental 
uncertainty.  Although  obviously  a single  observation  cannot  be  offered  as  proof,  the  measure- 
ment strongly  suggests  that  O and  O3  are  in  photochemical  steady  state  and  that  the  photo- 
dissociation of  O3  and  the  three  body  recombination  dominates  the  exchange  between  the  major 
odd  oxygen  species.  The  question  of  the  atomic  oxygen-ozone  concentration  ratio  is  currently 
being  addressed  using  instruments  of  significantly  improved  sensitivities  and  accuracy  since  a 
careful  examination  of  this  question  must  precede  use  of  satellite  observed  ozone  profiles  to 
deduce  local  atomic  oxygen  concentrations  and  thus  global  destruction  rates. 
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Figure  1-52.  Observed  oonoentretion  of  O(^)  between  28  and  43  km  in  the  stratosphere.  All  data  determined 
in  situ  using  atomic  resonance  flLK>rescence. 
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Figure  1-54.  Comparison  between  the  measured  ratio.  (0(^)]  /O3,  and  the  calculated  ratio 
of  Logan  et  al.  (1978). 

Ozone  >03) 

This  section  will  discuss  in  situ  profile  measurements;  satellite  and  Umkehr  measurements  are 
discussed  in  Chapter  2.  Ozone  profiles  ate  obtained  routinely  from  Dobson  spectrophotometer 
observations  of  the  blue  zenith  sky  as  the  solar  zenith  angle  varies  between  36”  and  90”  (sunrise 
or  sunset).  A discussion  of  errors  is  found  in  Chapter  2;  a list  of  stations  making  such 
observations  is  found  in  Appendix  C.  Ozone  profiles  are  being  obtained  by  instruments  on  small 
meteorological  balloons  up  to  30  to  35  km,  by  more  complex  instruments  on  research  balloons  up 
to  about  40  km,  and  by  means  of  rocket-borne  instruments  up  to  about  60  km.  Each  ><ear  there 
are  several  hundred  small  balloon  ozonesondes,  10  to  30  ozone  sensors  on  research  balloon 
flights,  and  on  the  order  of  30  to  50  ozone  rocket  flights.  Profiles  from  the  small  balloon  flights 
are  reported  routinely  to  the  center  for  Ozone  Data  for  the  World,  maintained  by  the  Canadian 
Meteorological  Service  (Toronto,  Ontario,  Canada)  in  cooperation  with  the  World  Meterological 
Organization.  Reporting  of  profiles  from  the  research  balloons  and  rodtets  tends  to  be  sporadic 
and  informal.  The  International  Ozone  Rocket  Intercomparison  group,  sponsored  by  WMO,  has 
collected  a comprehensive  set  of  rocket  profiles  from  individual  experimenters.  Hilsenrath 
(personal  communication)  and  Mateer  et  al.  (1980)  have  recently  analyzed  balloon  and 
rocketsonde  profiles  for  use  as  a 'first  guess'  in  BUV  and  Unicehr  retrievals. 

Small  Balloon  Ozonesondes 

The  small  balloon  ozonesondes  consist  of  an  ozone  sensor  attached  to  a standard  radiosonde 
for  air  pressure,  temperature,  and  tropospheric  humidity.  They  provide  ozone  density  as  a 
function  of  pressure  altitude;  potential  altitude  may  be  inferred  from  the  hypsometric  integration 
of  the  observed  pressure  and  temperature.  Dobson  observations  of  total  ozone  are  usually 
available  for  each  flight  and  are  sometirnes  used  to  normalize  the  balloon  data. 
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Most  ozonesondes  use  a bubble  sensor  conceived  by  Dr.  A.  W.  Brewer  (U.S.  Patent  no* 
3,329,599)  of  the  University  of  Toronto  and  licensed  to  the  Mast  Development  Company,  it  is 
based  on  the  electrochemical  reaction  which  takes  place  when  dr  containing  ozone  is  bubbled 
into  a potassium  iodide  solution.  The  resulting  exchange  of  electrons  is  directly  proportional  to 
the  quantity  of  ozone  introduced  by  the  air  supplied  to  the  sensor  by  a constwit-volume 
reciprocating  piston  pump. 

The  Electrochemical  Concentration  Cell  (ECC)  was  developed  by  W.  D.  Komhyr  and  T.  B.  Harris 
(1971)  and  is  based  on  an  iodine/iodide  redox  cell  in  which  ozone  is  consumed  in  the  oxidation 
of  iodide  ions  to  molecular  iodine.  The  latter  is  quickly  converted  back  to  the  iodide  form  in  a 
reaction  driven  by  the  iodide  concentration  differential  that  exists  between  the  cell  anode  and 
cathode.  The  cell  is  made  of  two  bright  platinum  electrodes  immersed  in  potassium  iodide  solu- 
tions of  different  concentrations  contained  in  separate  cathode  and  anode  chambers,  linked 
together  with  an  ion  bridge.  Again  air  is  bubbled  through  the  system  by  a small  constant 
volume  pump.  An  earlier  version  is  based  on  a carbon-iodine  system  (Komhyr,  1964). 

In  all  of  these  instruments,  the  sensor  is  placed  in  an  insulating  box  (expanded  polystyrene)  and 
attached  to  the  train  of  a standard  meteorologicai  radiosonde;  the  signal  from  the  cell  is  inserted 
into  the  radiosonde's  telemetry  through  a sequencer. 

Five  variations  of  these  two  basic  »ondes  (Brewer-Mast  sonde  and  the  Komhyr-ECC  sonde)  are 
presently  used.  Observations  made  with  each  method  are  adjusted  to  the  simultaneously 
measured  total  column  ozone  (Dobson  measurement)  by  using  a single  correction  factor.  For 
this  purpose  the  ozone  amount  above  the  balloon  burst  level  is  calculated  by  assuming  a 
constant  mixing  ratio  above  the  top  of  the  flight  if  it  reaches  18  mbar  (27  km).  If  the  burst  is 
at  a lower  altitude  the  ozone  amount  to  be  added  to  the  flight's  integrated  total  is  obtained  from 
climatological  means.  (It  should  be  noted  that  this  latter  procedure  distorts  the  profile 
information  used  for  trend  computations).  The  correction  factor  is,  in  the  mean,  1.1  to  1.2  for 
the  Brewer-Mast  sonde  and  about  1.0  for  the  Komhyr-ECC  sonde  and  similar  instruments.  The 
variance  of  the  correction  factor,  however,  is  about  the  same  for  both  instrument  types. 
Although  ozonesonde  intercomparisons  (Attmannspacher  and  Dutsch,  1970)  have  shown  that  the 
one-factor  correction  yields,  on  the  whole,  good  agreement  between  different  sonde  types.  It  is 
nevertheless  a source  of  uncertainty  because  it  propagates  measurement  errors  from  one  layer  to 
the  other.  An  alternative  procedure  being  evaluated  at  NASA-Wallops  Flight  Center  is  to 
calibrate  each  sonde  prior  to  flight  by  comparison  with  a Oasibi  Ozone  Monitor. 

Another  source  of  error  is  a change  in  pump  efficiency  with  decreasing  pressure,  especially  above 
20  mbar,  (~25  km),  for  which  only  a mean  correction  is  available.  In  addition  to  the  uncertainty 
in  single  soundings  introduced  by  this  problem,  a bias  in  the  mean  values  around  10  mbar  (-^30 
km)  and  above  may  be  introduced.  Comparisons  with  rocket  ozonesonde  data  indicate  that  at 
the  top  of  the  soundings  (30  to  35  km)  the  balloonsondes  yield  values  which  are  too  low,  an 
error  which  would  be  connected  with  smaller  errors  of  opposite  sign  at  lower  levels  due  to  the 
single-factor  correction. 

For  the  above  reasons,  the  expected  random  error  of  the  small  balloon  ozonesondes  is  about  t8 
to  10%  in  the  troposphere;  is  least  (t4%)  between  the  tropopause  and  20  mbar  (26  km);  and 
increases  upward  to  about  t8%  at  10  mbar  (31  km)  and  above.  As  indicated,  there  is  also  the 
possibility  of  a systematic  negative  error  of  around  10%  at  10  mbar  and  above. 

In  the  two  intercomparisons  at  Hohenpeissenberg  (Attmannspacher  and  Dutsch,  1970),  the 
ECC-sonde  gave  ozone  concentrations  in  the  lower  troposphere  which  were  about  10%  higher 
than  those  obtained  with  the  other  instruments.  This  was  probably  due  to  the  higher  con- 
centration of  the  iodine  solution  which  was  used  in  the  sonde.  Since  the  recommendation 
regarding  solution  concentration  in  the  ECC -instrument  has  changed  from  time  to  time,  care 
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must  be  applied  In  trend  calculations  using  such  data.  In  the  case  of  the  Brewer-Mast  sonde  a 
change  in  launch  time  could  simulate  a change  in  tropospheric  ozone  because  of  the  diurnal 
variation  of  the  polliRion  effect  at  certain  stations  (highest  pollution  in  the  morning). 

Ozone  Sensors  on  Research  Bdloons 

Some  large  research  balloon  payloads  include  ozone  sensors,  sometimes  as  a piggy-back 
experiment,  sometimes  as  a desirable  correlative  observation  needed  to  attain  the  primary 
objectives,  and,  ocxasionally,  in  conjunction  with  other  ozone  sensors  for  intercomparison 
purposes.  The  large  balloons  (generally  larger  than  4,000  volume)  permit  inclusion  of  ozone 
sensors  of  considerable  complexity  and  weight  (up  to  50  kg  and  more).  These  sensors  (see  Table 
1-7)  are  still  under  development  in  that  changes  are  made  from  flight  to  flight  with 
corresponding  changes  in  precision  and  accuracy. 

The  Dasibi  instrument,  first  flown  on  a balloon  by  Hilsenrath  and  Ashenfelter  (1976),  uses  UV 
absorption  photometry.  The  ozone  concentration  is  determined  by  measuring  the  amount  of  light 
absorbed  at  254  nm  by  an  air  sample  flowing  through  an  absorption  cell.  The  absorption  can  be 
measured  with  an  accuracy  of  about  0.2%  for  ozone  densities  encountered  near  25  km  altitude. 
Errors  in  measurement  of  cell  and  ambient  temperatures  and  pressures,  path  length,  and  ozone 
cross  section  add  an  uncertainty  of  2 to  3%  to  the  value  of  the  corresponding  atmospheric  ozone 
number  density  or  mixing  ratio.  Loss  of  ozone  to  the  walls  of  the  inlet  system  are  krK>wn  to  be 
small  (tenths  of  a percent)  at  atmospheric  pressures,  but  are  expected  to  have  a pressure 
dependence  and  may  be  a substantial  source  of  error  at  40  km  (Ainsworth  et  al.,  1961). 


Table  1-7 

Ozone  Sensors  for  Large  Balloon  Payloads 


Type 

Experimenter 

Dasibi 

Ainsworth  (and  Hagemeyer,  1980;  Maier  et  al.,  1978) 

Robbins  (1980; ...  and  Carnes,  1978;  Mauersberger  et  al.,  1981) 

UV  solar 

Simon  (and  Peetermans,  1981) 

spectrometer 

Mentall  (et  al.,  1980) 

Lidar 

Heaps  (et  al.,  1981) 

Mass  spectrometer 

Mauersberger  (et  al.,  1981) 

Chemiluminescent 

Drummond  (1977;  et  al.,  1979) 

(NO) 

Chemiluminescent 

Aimedieu  (et  al.,  1980, 1981) 

(methyl-2-butane-2) 

TRACE  SPECIES 
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The  Dasibi  instrument  from  NASA -JSC  (Robbins)  has  the  most  extensive  flight  experience,  having 
measured  20  profiles  in  the  stratosphere  sin<»  1978.  Three  of  these  flights  were  made  with  the 
mass  spectrometer  of  Mauersberger  et  al.  (1961).  Data  from  the  two  instruments  agreed  over  the 
altitude  range  of  20  to  35  ktn,  with  the  Dasibi  data  being  lower  above  35  km.  (Mauersberger  et 
al.,  1981). 

Four  of  the  recent  multi-sensor  intercomparisons  have  been  based  on  the  use  of  a large  balloon; 
also  included  were  ground-based  sensors,  small  balloonsondes,  rocketsondes,  and  aircraft-borne 
sensors. 

The  last  flight  of  the  Stratcom  series,  organized  by  the  Atmospheric  Sciences  Laboratory  at  the 
White  Sands  Missiie  Range,  New  Mexico,  was  in  September  1977.  A summary  from  the  Stratcom 
VIII  report  (Reed,  1960)  is  given  in  Table  1-8.  It  is  perhaps  significant  that  ozone  values  derived 
from  the  UV  solar  absorption  instruments  are  consistently  larger  than  those  derived  from  the 
various  in  situ  measurements. 

The  LIP  (LIMS  Instrument  Package)  series  (five  flights  between  June  1978  and  April  1979)  was 
organized  by  the  Nimbus  Experiment  Team  for  the  LIMS  instrument  on  Nimbus  7 (Lee  et  al.,  1982; 
Remsberg  et  al.,  1960).  Data  from  one  of  the  flights  is  shown  in  Figure  1-55.  From  the  data 
given  in  the  report  it  is  not  possible  to  separate  errors  in  the  ozone  sensors  from  errors  in  the 
pressure  sensors.  Each  of  the  ozone  sensors  had  a pressure  sensor  associated  with  it.  For  the 
ECCs,  altitude  is  inferred  from  the  associated  pressure  and  temperature  data,  for  the  JSC  Dasibi 
instrument,  altitude  is  inferred  from  the  measured  pressure  and  the  U.S.  Standard  Atmosphere, 
1976.  Figure  1-55  is  typical  in  that  for  all  of  the  five  flights,  ozone  values  from  the  jSC  Dasibi 
instrunient  were  generally  less  than  those  from  the  ECC-type  sensors. 

The  SABE  (Solar  Absorption  Balloon  Experiment)  series  consisted  of  three  flights  (September  197B 
- April  1980)  and  was  primarily  for  a study  of  the  detailed  relationships  between  UV  energy 
fluxes  and  atmospheric  ozone  densities  (Reed  et  al.,  1961).  To  be  certain  of  the  ozone  content 
several  types  of  ozone  sensors  were  included  in  the  second  and  third  payloads;  ECC  sondes 
were  flown  independently;  Dobson  and  other  spectrophotometers  were  used  for  observations 
from  the  ground.  On  the  large  balloon  payload  were  the  GSFC  and  jSC  Dasibi  instruments,  a 
modified  Rocoz  photometer,  a modified  ECC  sonde,  Drummond's  NO  chemiluminescent  sensor, 
and  a solar-pointed  Fastie-Ebert  spectrometer.  Ozone  data  from  one  of  these  efforts  are  given  in 
Figure  1-56  and  Table  1-9.  Again,  the  atmospheric  pressure  is  measured  independently  by  each 
ozone  sensing  system;  the  differences  in  these  profiles  reflect  errors  in  both  ozone  and  pressure 
values.  The  Rocoz  profile  used  the  same  pressure  profile  as  did  the  GSFC  Dasibi. 

An  extensive  campaign  for  intercomparison  of  various  techniques  for  ozone  profiles  was 
coordinated  by  M.  L.  Chanin  (Service  d'Aeronomie  du  CNRS)  and  was  conducted  June  9-26,  1981 
in  southern  France.  A number  of  ground-based  and  balloon-borne  techniques  were  included  as 
can  be  seeti  from  Table  1-10. 

O:one  Sensors  on  Aircraft 

Several  types  of  instruments  have  been  used  on  aircraft  to  obtain  information  related  to  strato- 
spheric ozone,  namely,  UV  absorption  photometry  (Dasibi),  solar  UV  absorption,  NO-chemi- 
luminescence,  and  ethylene-chemiluminescence. 

The  Global  Air  Sampling  Program  (GASP)  was  conducted  by  NASA-Lewis  Research  Center 
(Cleveland,  Ohio,  USA)  from  March  1975  through  June  1979.  A package  including  a Dasibi  ozone 
monitor  and  instruments  for  CO,  particles,  clouds,  condensation  nuclei,  water  vapor,  and  filter 
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Tibl«  1-8 

Ozone  Oiti  from  the  Stritcom  VUl  EfToit  (Reed,  1980) 


Total  O3 

Ozone  Density  (moleculet/m^) 

Source 

(atm<m) 

20  km 

2Slun 

30  km 

35  km 

40  km 

Dobson  (No.  86  at  ASL) 

0.279 

SenTran  (Simeth) 

0.282 

ECC  (NASA-WFC) 

0.280 

3.95(18) 

430(18) 

2.74(18) 

1.40(18) 

MAST  (ASL) 

2J  (18) 

4.0  (18) 

2.6  (18) 

Daiibi  (Ainsworth) 

5.4  (17)* 

Chemilum  (A-baUoon) 
Ascent  (Randhawa) 
Descent  (Randhawa) 

3.7  (18) 

4.0  (18) 

2.6  (18) 

13  (18) 
0.92(18) 

5.0  (17) 
63  (17) 

Chemilum  (Areas) 
(Randhawa) 

2.8  (18) 

4.0  (18) 

2.0  (18) 

13  (18) 

6.7  (17) 

UV  spectrometer  (Mentall) 

13  (18) 

6.2  (17) 

LTV  spectroirraditNneter 
(Seilers) 

2.8  (18) 

5.4  (18) 

2.9  (18) 

1.5  (18) 

8.0  (17) 

ROCOZ  (Super-Loki) 
(Krueger) 

3.14(18) 

5.19(18) 

3.84(18) 

1.91(18) 

6.77(17) 

SAS-il  (Loewenstein) 

3.0  (18) 

Aver^ 

0.280 

3.1  (18) 

4.5  (18) 

2.8  (18) 

1.4  (18) 

63  (17) 

Std.  Dev.  % 

1 

18 

14 

22 

21 

16 

Corrected  for  wall  losaes  (J.  Ainsworth,  personal  communciation) 


ALTITUDE  (km) 


TRACE  SPECIES 


1-6S 


0 22  468  10  02468  10 

0,  MIXING  RATIO  (ppmv)  0,  MIXING  RATIO  (ppmv) 


HALDECOM 

JSC  SENSOR 

CAPTIVE  ECC 

- FREE  FLYER 


Figure  1-55.  Date  from  the  LIP  flight  of  October  30, 1978  from  Palestine,  Texas.  HALDECOM  is  an  ECC 

sotsde  with  enlarged  anode  and  cathode  reservoirs;  JSC  Sensor  is  the  Robbins  Dasibi  instrument; 
Captive  ECC  is  a standard  ECC  sonde;  these  three  were  on  the  large  balloon  payload.  Free  Flyer  is 
an  ECC  sonde  on  a standard  meteorological  balloon  released  at  0345  GMT  et  al.,  1982). 
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samples  was  placed  on  the  NASA-ARC  Convair  990  research  irircraft  and  on  four  Boeing  747s  In 
commercial  passenger  service.  Correlative  data  regarding  flight  and  neteoroU^icai  parameters, 
including  tropopause  levels  have  been  interleaved  with  data  from  the  GASP  package  and  the 
resulting  tapes  are  archived  at  the  National  Climatic  Center  in  Asheville  North  Carolina. 
Detailed  reports  are  available  as  NASA  documents  (e.g.,  Papathakos  and  Briehi,  1981).  The  data 
have  been  used  primarily  in  studies  of  stratosphere-troposphere  ozone  transport  (Nastrr>m,  1977; 
Husain  et  al.,  1977)  and  in  the  evaluetion  of  the  Mrcraft  cabin  ozone  problem  (Holdeman  and 
Nastrom,  1981;  Nastrom  et  aU,  I960). 


Figure  1-56.  0/one  profiles  from  instruments  on  the  SABE-2  balloon,  independently  flown  ECC  sondes, 
a Dobson  spectrophotometer,  and  the  SBUV  instrument  on  Nimbus  7. 


Table  1-9 

Ozone  Profiles  - September  6.  1979,  Palestine,  Texas 


Pressure  Level  (mbar)/ Altitude  (km) 


100/16.7 

70/18.8 

50/209 

40/22.1 

30/24.2 

20/26.9 

15/28.8 

10/31.2 

7/33.5 

5/35.7 

4/37J 

3/394 

2/42.7 

28.7 

70.4 

101.9 

119.0 

148.7 

136.5 

119.2 

79.4 

33.9 

74.8 

109.0 

122.4 

140.5 

142.8 

124.1 

92.1 

23.5 

68.8 

93.7 

1 17.5 

83.8 

61.2 

42.6 

31.4 

194 

22. 

62. 

95. 

112. 

80.5 

57.5 

38.2 

25.6 

15. 

77.’ 

97.4 

116 

53.4 

40.1 

71.3 

102. 

117. 

130. 

133. 

11’. 

94.8 

68.1 

48J 

35J 

22J 

11.7 

II6.9 

134.4 

130.2 

112.6 

88.2 

67.6 

46.8 

34.7 

22J 

11X> 

29.6 

70.8 

99.8 

117. 

138. 

135. 

118. 

86.5 

66.4 

45.9 

31.7 

194 

11.4 

■rx 

8 

6 

3 

6 

4 

4 

7 

12 

13 

14 

17 

4 

ROCOZ 

Umkehr 

SBUV 


Average 

Std.  Dev.  % 


(Ditibi-GSFC  values  arc  preliininary,  pending  definitive  determination  of  wall  loss  effecte.) 
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Tabk  MO 

Ozoiie  Senion  Used  June  9*26, 1981 . Southeni  Fmce  and  Vlctaity 


Senior 

Location 

Re^onsible  Individual 

Luer  • differential  abaorption 

Obaervatorie  de  Haute  Provence 

G.Ms|ie 

Infrared  Spectrometer  (S.1.SAJI.) 

Chiran(041J>.) 

P.  Jouve 

Oobaon  Spectrofrfrotometer 

Chiran  (O.HJ>.) 

P.  Jouve 

Hl|h  Resolution  UV  Specuometer 

(3iiran  (OilP.) 

P.  Jouve 

Microwave  Spectrometer 

Chiran  (O.HJ>.) 

Max  Flanck  Institute,  lindau 

Microwave  Spectrometer 

(^tvatcHre  de  Borde«ix 

P.  Dletich 

Dobson  Spectrophotometer 

Aroea,  Switzeriand 

Chemiluminescent  S<mde 

Large  Balloon 

P.  Aimedieu 

Brewer  Mut  Sonde  (EERM) 

Large  Balloon 

P.  Aimedieu 

Dsabi  (NASA-JSC) 

Large  Balloon 

D.  Robbins 

UV  Solar  Absorption 

Large  Balloon 

P.  Simon 

UV  Solar  Absorption  (Rocoz) 

Large  Balloon 

A.  Krueger 

ECC  Ozone  Sondes  (NaSA-WFC) 

Small  Balloons,  OJIJ*.  and  Gap 

L Troast 

Brewer  Mast  Sondes  (EERM) 

Small  Balloor%  BIscarosae 

TOMS 

Nimbiu  7 

A.  Krueger 

SBUV 

Nimbus  7 

A.  Krueger 

TOVS 

Tiros-N 

Cayla,  M>iUer,  Chedin 

TRACE  SPECIE5 
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The  ARC  (Ames  Research  Center)  stratospheric  air  sampler  (SAS)  for  nitric  oxide  and  ozone  has 
been  flown  frequently  on  the  U-2  hi^  altitude  aircraft.  The  ozorte  measurements,  based  on  NO 
chemiluminescertce,  are  generally  between  18  and  21  km  aJtitude.  The  data  have  been  used  in 
studies  of  seasonal  variations  (Loewenstein  et  al.,  1975,  1978a,  b),  in  a study  of  the  effects  of  a 
total  solar  eclipse.  (Starr  et  d.,  I960),  compared  with  other  ozone  sensors  (see  Table  1-8),  and 
used  in  the  1977  Intertropical  Convergence  Zone  Experiment  (Starr  et  al.,  1979). 

During  the  CIAP  pregranv  Hanser  et  al.  (1978)  constructed  a UV  spectrophotometer  with  a 
12-position  filter  wheel  for  the  measurement  of  overhead  solar  fluxes.  When  flown  on  a large 
oaiioon,  the  altitude  changes  in  fluxes  are  interpreted  in  terms  of  an  ozone  profile  (see  Table 
1-8).  When  flown  on  aircraft  (WB-57,  CV-990,  NCAR's  Electra),  the  fluxes  are  interpreted  in 
terms  of  total  overhead  ozone  (Hanser  et  al.,  1978,  Hanser  and  Sellers,  1980). 

Two  Dasibi  instruments  and  a Columbia  Scientific  Industries  ^hylene-chemiluminescence 
analyzer  were  t.ounted  in  the  NCAR  Electra  during  the  Gametag  flights  during  1977-1978  (Davis, 
I960;  RouLhier  et  al.,  1960).  Large-scale  anomalies  of  the  ozone  content  at  tropospheric  altitudes 
have  been  related  to  a folded  tropopause  (Danielsen  and  Hipskind,  1960). 

In  a joint  program  between  the  institute  of  Applied  Physics  at  the  University  of  Berne, 
Switzer- 3 ''d,  and  the  Max-Planck-lnstitute  for  Aeronomy  at  Katlenburg-Lindau,  Germany, 
Hartmann  et  al.  (1981)  used  a microwave  sensor  on  board  a German  research  aircraft  tuned  to 
the  strong  resonance  of  ozone  at  142  Uilz  to  obtain  an  ozone  mixing  ratio  profile  between  25  and 
GO  km.  Measurements  of  an  O2  resonance  at  53.6  GHz  provide  a simultaneous  temperature 
profile. 

Ozone  Sensors  on  Rockets 

Although  ozone  sensors  have  been  flown  on  small  rockets  for  more  than  two  decades,  there  is 
no  one  system  that  can  be  considered  as  ‘operational’,  i.e.,  procured,  deployed,  analyzed  and 
reported  according  to  detailed  and  wdl  established  procedures,  a<>  are  the  meteorological  data 
sondes.  Each  of  the  various  rocket  ozonesor.des  require?  continuing  icientific  and  engineering 
oversight  and  intervention  to  improve  a^id  maintain  reliability  and  data  quality.  In  Table  1-11  are 
listed  groups  that  have  been  active  in  recent  years. 

Rocketsondes  employing  chemiluminescent  dyes  have  proven  to  be  useful  when  the  surfaces  arc 
prepared  and  calibrated  with  sufficient  care,  providing  ozone  profiles  between  GO  and  20  km  with 
an  absolute  accuracy  of  about  ±12%  and  a precision  of  about  ±6%  (Hilsenrath  and  Kirschner, 
1960).  The/  are  especially  useful  for  studies  of  diurnal  variation  and  dcring  the  polar  wintet 
(iiilsenrath,  1971;  Heath  et  al.,  1974;  Hilsenrath,  1900). 

In  the  daytime,  betwean  about  60  and  100  km,  the  photolysis  of  ozone  in  the  Hartley  band  is  the 

primary  source  of  02(^Ag),  which  then  emits  at  1.27  ym.  Ozone  profiles  may  then  be  deduced 

from  the  altitude  profile  of  the  overhead  intensity  as  measured  by  a rocket-borne  infrared  photo- 
meter. Errors  of  the  resulting  ozone  profile  approach  20%,  increasing  towards  the  end  of  the 

altitude  range,  but  entirely  adequate  to  show  the  layered  structure  of  ozone  in  this  region 

(Llewellyn  aiid  Witt,  1977). 

Solar  ultraviolet  absorption  has  long  been  used  by  rocket~borne  ozone  sensors.  Filter  photo- 
meters are  often  used  because  of  their  simplicity  and  relatively  low  cost.  Limitations  to  the 
accuracy  include;  knowledge  of  the  filter  transmission,  especially  in  the  bng-waveiength  wing; 
measurement  of  and  compensation  for  changes  of  the  direction  or  the  optical  axis  with  respr.-ct 
to  the  Sun;  correction  for  tbe  scattered  light  contributions  at  altitudes  below  al<out  30  km;  ^nd 
adjustment  of  the  ozone  absorption  coefficient  for  air  temperature  for  wavelengths  near  300  nm. 
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A scanning  UV  spectrometer  would  be  more  costly,  but  exchanges  the  problem  of  internally 
scattered  light  for  the  problem  of  the  measurement  and  staWlity  of  interference  fitters.  Under 
the  best  conditions,  the  change  of  coiumn  content  over  an  altitude  inter^l  of  1 km  can  be 
measured  with  an  uncertainty  smaller  than  5%.  At  the  extremes  in  the  attitude  rang^  errors  can 
easily  approach  20%.  When  these  ozone  profiles  are  expressed  in  terms  of  mixing  ratio  versus 
pressure  idtitud^  the  errors  in  estimating  the  relevant  air  temperature  and  pressure  must  be 
included  in  the  associated  estimated  error. 


The  first  six  of  these  groups  listed  in  TaMe  1-11  participated  in  an  International  Ozcne  Rocket 
Intercomparison  (lORi)  October  21  to  November  4,  1979,  sponsored  by  the  World  M^eorological 
Organization.  (Sundararaman  et  ad.,  1980,  Sundararaman,  19B1).  in  this  effort,  each  type  of 
sensor  was  flown  severe  times  over  a short  period  of  time  stKh  that  both  the  repeatability  of 
the  instrument  and  its  bias  with  respect  to  other  types  of  instruments  could  be  determined.  A 
detailed  report  is  expected  shortly,  but  preliminary  data  are  given  in  Table  1-12. 


Table  1-12 

Preliminary  Mixing  Ratios  (ppmv)  for  Three  Midday  Flights 
lORI  - Octobn  21, 1979 
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Systematic  Differences 

From  the  intercomparisons  mentioned  thus  far  and  from  some  other  studies  the  following  points 
can  be  made: 

• When  compared  with  profiles  of  better  altitude  resolution^  Umkehr  profiles  tend  to  under- 
estimate the  ozone  densities  at  the  rnain  maximurr^  especially  if  it  is  situated  within  layer  4 
(20  to  24  km),  e.g.,  see  Figure  1-56.  The  Umkehr  profile  compensates  for  this  by  giving 
values  that  are  too  high  in  the  lower  stratosphere  (layer  2,  10  to  16  km)  anc(,  to  some  extent, 
around  10  mbar  (layer  6,  28  to  33  km).  This  compensation  is  evident  in  a comparison  of 
Umkehr  measurements  at  Arosa  (about  20  profiles  per  month)  with  ozonesonde  (small 
balloons)  measurements  from  Payeme  about  iKX)  km  away  (about  10  flights  per  month).  The 
annual  variations  computed  for  each  station  are  given  in  Figure  1-57;  comparisons  of 
concurrent  observations  are  given  in  Table  1-13. 

• Profiles  from  small  balloonsondes  tend  to  cross  over  profiles  from  rodcetsondes  (mostly 
Krueger  optical  sondes  and  Hilsenrath  chemiluminescent  sondes)  near  30  mbar  (24  km),  with 
the  balloons  giving  larger  values  below  24  km  and  smaller  values  above.  A study  of 
coincident  rocket  and  balloon  soundings  from  Wallops  Island,  Virginia,  showed  that  at 
5 mbar  (36  km),  the  average  rocket  ozone  profile  was  30%  higher  than  the  average  balloon 
profile  (Hilsenrath,  personal  convnunication,  Mateer,  1960).  However  the  mean  rocket  and 
balloon  profiles  used  in  mid-latitude  ozone  models  (Krueger  and  Minzner,  1976)  agreed  within 
5%  between  28  and  34  km. 

• The  Krue^r  optical  sonde  provides  larger  values  above  about  35  km  than  does  the  Hilsenrath 
chemiluminescent  sonde;  lower  altitudes  the  reverse  is  observed  (see  Hilsenrath  et  al., 
1979  and  Table  1-12).  In  other  conparisons  (e.g..  Tables  1-8  and  1-9)  solar  UV  absorption 
methods  tend  to  give  larger  values  for  ozone  than  do  in  situ  methods. 

In  the  lower  stratosphere,  the  best  profiles  available  are  generally  from  small  balloonsondes. 
Above  the  ozone  density  maximum,  (~25  km)  errors  due  to  pump  efficiency,  wall  losses,  and 
pressure  sensors  become  increasingly  important.  Above  the  ozone  density  maximum  (—25  km) 
the  chemiluminescent  and  the  optical  (solar  UV  absorption)  measurements  are  probably  com- 
parable in  validity.  The  systematic  bias  with  balloons  is  not  as  yet  explained.  Above  —60  km 
one  must  resort  to  the  indirect  method  using  the  1.27  ym  emission  from  ozone  photolysis  by 
solar  ultraviolet  fluxes.  It  is  to  be  notec|,  however,  that  only  in  situ  methods  are  effective  at 
night  unless  one  uses  faint  UV  sources  such  as  the  moon,  stars,  or  air  glow.  Umkehr  profiles, 
being  of  such  low  altitude  resolution,  are  not  really  comparable  to  balloon  and  rocket  profiles 
excep>t  as  noted  above;  they  should  be  classed  with  profiles  from  such  systems  as  mm-wave 
receivers  (e.g.,  Wilson  and  Schwartz,  1981). 

Model  and  Reference  Ozone  Ihofiles 

A mid-latitude  ozone  profile  based  on  data  prior  to  1972  is  included  in  the  U.S.  Standard 
Atmosphere,  1976  (also  see  Krueger  and  Minzner,  1976).  Seventeen  carefully  selected  rocket 
profiles  (12  day  and  5 twilight)  from  sites  between  30^  and  and  a number  of  balloon  profiles 
from  sites  between  41®  and  47^  were  used.  The  rocket  profiles  were  from  several  different 
experimenters  with  the  majority  based  on  Solar  UV  absorption. 


PARTIAL  PRESSURE  <NANOBARS) 
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UMKEHR 

OZOMESONOE 


Fifpjre  1-57.  Intarcomparison  of  mean  annual  variation  of  the  ozone  partial  pressure,  Arosa/Payerne,  as  derived 
from  Umkehr  and  Ozonesonde  observations. 
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Table  M3 

Comparison  of  Concurrent  Umkehr-Ozmesonde  Observations 
over  Arosa/Payeme  O^MO,  1981). 


Umkehr 

Layer 

Number 

Umkehr  Ozoneecmde 

Differ- 

ence 

(%) 

Lower  Boundary 

'hi  IWBMBMi 

Atm  Pressure 
(mbar) 

Approx. 
Altitude  (km) 

(nbar) 

(nbar) 

9 

1.96 

43 

8 

3.9 

38 

7 

7.8 

33 

6 

83.5 

73.8 

13.1 

15.6 

28 

5 

120.4 

1223 

-1.6 

31.25 

24 

4 

116.6 

139.7 

-16.5 

62.5 

20 

3 

82.4 

85.5 

-3.6 

125 

16 

2 

62.4 

37.6 

66.5 

250 

10.4 

1 

27.9 

24.0 

163 

1000 

0 

Because  the  algorithms  for  the  inversion  of  BUV  and  Dobson  (Umkehr)  radiance  data  require  a 
■first  guess*  ozone  profile,  existing  balloon  and  rocket  profiles  have  been  analyzed  for  these 
purposes.  Total  ozone  and  latitude  zones  (30°  wide)  are  used  as  keys  for  selection  of  a specific 
profile.  Initial  analyses  were  by  Hilsenrath  (1979)  for  use  in  the  BUV  algorithm.  Mateer  et  al. 
(1900)  have  recently  repeated  this  for  use  with  Umkehr  data  (see  Table  1-14  and  Figure  1-58).  It 
is  to  be  noted  that  these  data  are  significantly  primarily  for  altitudes  below  about  40  km;  total 
ozone  and  latitude  are  not  proven  predictors  for  ozone  values  in  the  upper  stratosphere  and 
mesosphere. 

Diurnal  Variations 

The  diurnal  variations  of  the  ozone  profile  ha-/e  been  observed  by  various  methods:  Aimedieu  et 
al.  (1981)  analyzed  balloon  observations  for  a change  in  ozone  immediately  after  sunrise  (see 
Table  1-15)  and  found  consistent  evidence  of  a decrease  in  ozone  column  content  ab-jut  40  km, 
with  a 5%  local  depletion  at  42  km.  At  higher  altitudes,  the  diurnal  variations  become  much 
larger.  Observations  of  the  mm-wave  ozone  emission  line  at  101,737  GHz  show  more  than  a 
factor  of  two  daytime  decrease  in  the  ozone  column  above  about  76  km  (Wilson  and  Schwartz, 
1981).  i>ata  from  the  Australian  optical  rockets  launched  during  the  lORI  are  summarized  in 
Figure  1-59,  comparing  the  daytime  and  nighttime  flights  (Lean,  1981).  These  are  consistent  with 
earlier  rocketsonde  day-nighc  comparisons,  e.g.  a daytime  increase  near  42  km  and  a large 
nighttime  increase  above  60  km  (Hilsenrath,  1971;  Heath  et  al.,  1974).  The  balloon  data 
(Aimedieu  et  al.,  1961)  do  not  compare  midday  with  midnight,  but  show  the  transient  occurring 
at  sunrise,  which  theoretical  studies  show  to  be  negative,  e.g.,  Herman  (1979),  Groves  and  Tuck 
(1900),  and  Prather  (1981). 


Table  1-14 

Standard  Profiles  (Bottom-Side)  (Hilsenrath,  1979) 


OZONE  PARTIAL  PRESSURE  IN  NEAR  AT  ATMOSPHERIC  PRESSURE  IN  MBAR 

iOOO 

700 

500 

300 
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150 
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70 

50 

40 

30 

20 

15 

10 

7 

5 

II 

12.7 

11.7 

SjS6 

7.23 

735 

12.5 

27.1 

52.8 

75.8 

99.4 

no 

76.7 

51.4 

343 

13,1 

IS 

13.8 

103 

8.57 

860 

16 

41.9 

786 

103 

125 

135 

124 

90.7 

61.1 

406 

14.9 

17.1 

15.8 

11.7 

9.79 

967 

196 

58.9 

109 

132 

152 

160 

143 

103 

69.8 

466 

18.2 

19.5 

16.7 

8.74 

8.29 

11.5 

25.1 

51.4 

76.8 

876 

93.9 

886 

79.7 

59.9 

426 

30 

20.8 

22.4 

19.4 

136 

18.4 

24 

41.2 

71.7 

993 

no 

114 

105 

92 

68.7 

48.9 

34.5 

22.6 

24.2 

21.2 

20.1 

33.7 

426 

62.9 

956 

123 

131 

130 

116 

100 

743 

53 

374 

23.4 

25.1 

22.4 

29.1 

553 

68.2 

90.9 
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150 

143 
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76.9 

55 
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2S.4 
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53 
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78 
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40 
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41.1 
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12.7 

11 
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91 
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75.7 
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32.9 

29.5 
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15.9 

15.7 
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49 
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44 
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49 
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Figure  1-58.  Standard  ozone  profiles  for  low  latitudes  (left)  middle  latitudes  (center),  and  high  latitudes 
(right).  The  ticks  on  the  ordinate  axes  indiate  the  upper  and  lower  bounds  of  the  layers. 
Layer-mean  ozone  partial  pressure  (nanobars)  is  plotted  at  the  mid-point  of  each  layer 
(Mateer  et  al.,  1980). 


ODD  NITROGEN 
Nitric  Oxide  (NO) 

Introduction 

NO  has  been  the  most  extensively  studied  stratospheric  odd-nitrogen  species.  The  last  decade 
has  seen  numerous  measurement  programs  apply  a variety  of  experimental  techniques  at  many 
different  altitudes,  locations,  and  seasons.  Thus,  the  problem  in  establishing  a picture  of  our 
best  current  experimental  understanding  of  stratosplieric  NO  is  not  a scarcity  of  data,  but  rather 
of  making  a proper  assessment  and  selection  of  the  data. 

Altitude  1^0 file 

There  have  been  a large  number  of  measurements  by  many  different  groups  of  tb*  NO  mixing 
ratio  as  a function  of  altitude.  The  techniques  employed  in  these  measurements  fall  into  two 
classes:  in  situ  and  remote.  While  the  long-path,  vertical-column  measurements  from  the  latter 
technique  have  provided  some  of  the  best  information  regarding  the  seasonal  and  latitudinal 
variations  for  NO,  the  determination  of  a detailed  height  profile  from  long-path  data  involves 
deconvolution  at  solar  zenith  angles  near  90“  in  order  to  obtain  the  maximum  number  of 
absorbing  molecules  along  the  sight  path.  The  rapid  NO  NO2  and  NO2  NO  conversions  at 
sunset  or  sunrise  complicate  the  comparison  of  these  data  with  model  predictions. 

As  a conse4uence,  in  situ  measurerrrents  are  used  here  to  establish  the  NO  height  profile.  A 
limited  number  of  midday  bng-path  measurements  are  also  included.  The  result  is  a more  nearly 
homogeneoi  s,  relatively  high  Sun  profile  that  should  afford  a better  defirted  comparison  between 
observations  and  theory.  The  exclusion  of  the  results  of  the  remote  techniques  dees  not  unduly 


Table  1-15 

Published  Results  on  Sunrise  Ozone  Changes  (Aimedieu  et  al.,  1981). 


Authors  and 
Year  of  Publication 

Platform 

Measurement 

Technique 

Measurement 

Irutant 

Duration  of  the 
Analy’zed  Variation 

Quoted  variation  in 
Ozone  coocentratioa 

Randhawa 

1971 

Balloon  at  46  km 

Chemiluminescence 
in  situ 

Sunrise 

50  seconds 

Factor  3 local  defdetion 

.d 

Balloon  at  35  km 

Stellar  UV  absorption 

Sunrise 

A few  minutes 

Decrease  of  2JS  10^^  mole- 
cules cm*^  in  integrated 
thickness  above  38  km 

Rigaud  et  al. 
1974 

Balloon  at  38  km 

Stellar  UV  absorption 

Sunrise 

A few  minutes 

Decrease  of  \£  10^^  mole- 
cules cm*^  in  integrated 
thickness  above  38  km. 

Penfield  et  al. 
1976 

Ground  level 

Microwave  emission 

Sunrise 

50  minutes 

Decrease  of  1 D 10^^  mole- 
cules cm'^  in  integrated 
ilU  :kness  above  50  km. 

Randhawa  and  Izquierdo 
1976/77 

Balloon  at  48  km 

Chemiluminescence 
in  situ 

Morning 

2 hours 

Factor  i .5  locrl  drtfdetioo 

Robbins  and  Carnes 
1978 

Balloon  at  37  km 

UV  cell  absorption 
in  situ 

Astronomical 

twilight 

20  minutes 

3.6%  local  increase 
Reanalynis  by  Aimedieu 
et  al:  2-5%  local  de{detian 

Aimedieu  et  al. 
1979 

Balloon  at  42  km 

Gas  phase  chemilumi- 
nescence, in  situ 

i 

Sunrise 

15  minutes 

5%  local  depletion 
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restrict  the  size  of  the  data  set  on  which  the  present  height  profiles  can  be  based,  since  there 
are  a sizable  number  of  in  situ  measurements  made  by  several  groups  using  a variety  of 
techniques:  chemiluminescence  deployed  with  balloons  (Ridley  and  Howlett,  1974;  Drummond  et 
al.,  1977),  aircraft  (Loewenstein  et  al.,  1975),  and  rockets  (Mason  and  Horvath,  1976); 
photoionization  mass  spectrometer  (Aikin  and  Maier,  1978),  spin-flip  laser  absorption  (Patel  et 
al.,  1974).  A balloon-borne  pressure-modulated  radiometer  (Chaloner  et  al.,  1978)  has  been  used 
to  obtain  midday  long-path  information. 


Figure  1-59.  Data  from  the  Australian  optical  sonde  flights  during  the  International  Ozone  Rocket  Inter- 
comparison at  Wallops  Island,  Virginia,  in  1979,  related  to  the  nighttime  flight  at  0427  local  time 
(Lean,  1981). 


4ssuming  instrumental  reproducibility,  the  variations  in  the  results  from  a series  of  flights 
employing  the  same  instrument  are  the  best  indicator  of  natural  seasonal  and  geographic  trends, 
since  it  is  likely  that  differences  between  the  results  of  different  research  groups  and/or 
instrument  packages  can  be  dominated  by  unknown  systematic  instrumental  discrepancies. 
Consequently,  the  approach  used  is  (a)  to  examine  separately  the  data  of  each  group  that  has 
accrued  sizeable  sets  for  p>ossible  seasonal  and  geographic  effects,  and  (b)  then  to  combine  the 
data  of  all  of  the  groups  into  an  appropriate  profile. 
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Figure  1-60  shows  the  balloon-borne  measurements  of  Ridley  irvd  coworkers  (Roy  et  al*,  1980; 
Ridley  and  Schiff,  1961;  Ridley  and  Hastie,  1961)  made  in  Octon?r,  1977  and  thereafter.  All  six  of 
these  flights  were  made  with  a chemiluminescence  instrument  incorporated  an  improved 
inlet  and  in-flight  calibration  procedure  (Ridley  and  Schiff,  1961).  The  internal  consistency  of  the 
data  set  in  Figure  1-60  strongly  suggests  that  a sizable  part  of  the  much  larger  variation  that  this 
group  observed  earlier  from  flight-to-flight  was  instrumental.  For  exanrpl^  the  nearly  coincident, 
half-filled  symbols  represent  data  gathered  from  three  flights  at  the  same  place  and  season 
(32^,  fall),  but  in  two  different  years.  In  addition,  the  data  taken  on  two  fiights  at  the 
corresponding  Southern  Hemispheric  latitude,  but  different  equivalent  season  (SH,  summer),  are 
only  slightly  lower  than  the  NH  results.  Lastly,  measurements  from  the  summer  flight  at  51*N  lie 
wholly  within  the  32°  data  set.  Since  the  differences  between  the  results  of  the  flights  are  very 
nearly  equal  to  the  variations  within  any  one  of  the  flights,  these  data  present  rra  evidence  of 
systematic  patterns  over  the  given  parameter  ranges:  summer  and  fall,  5(P  to  30^  and  30*S,  solar 
zenith  angle  37  to  75°.  Therefore,  they  present  no  reason  not  to  take  a factor-of-three-wide  band 
of  NO  mixing  ratios  as  representative  for  these  parameter  ranges  and  for  the  indicated  altitudes. 

Figure  1-61  shows  the  rocket-borne  chemiluminescence  measurements  made  by  Horvath  and 
Season  over  a five-year  period  at  one  location,  391M,  and  four  seasons,  (Mason  and  Horvath,  1976; 
Horvath  and  Mason,  1978;  Horvath,  personal  communication,  1981).  There  is  good  agreement 
within  the  data  set.  The  later  measurements  (I960  and  1961)  have  better  precision  because  they 
were  taken  on  parachute  descent,  rather  than  rocket  ascent.  No  clear  seasonal  trend  emerges 
from  this  data  set.  The  data  set’s  homogeneity  does,  however,  establish  a factor -of -three  band 
of  NO  mixing  ratios  at  these  altitudes,  which  are  generally  higher  than  those  reached  by  Ridley 
and  coworkers.  The  chemiluniinescence  data  sets  of  Drummond  et  al.  (1977)  and  Weiler  and 
Fabian  (1960)  are  not  sufficiently  large  to  permit  internal  consistency  tests  and  are  not  included. 

The  measurement  bands  corresponding  to  the  two  extensive  NO  mixing  ratio  data  sets  are  repro- 
d'jced  in  Figure  1-62.  The  width  of  the  indicated  ranges  includes  essentially  all  of  the  individual 
iTieasurements  and  their  estimated  uncertainties.  The  results  of  four  other  measurement  series 
are  shown.  The  first  is  that  of  Loewenstein  and  coworkers,  whose  chemiluminescence 
instrument  has  been  flown  extensively  at  two  altitudes  aboard  U-2  aircraft  (Loewenstein  and 
Savage,  1975;  Loewenstein  et  al.,  1975,  1977,  1978a,  b).  The  rectangles  in  Figure  1-62  represent 
the  range  of  NO  mixing  ratios  found  in  spring,  summer,  and  fall  and  over  latitudes  from  5°  to 
509SI.  Measurements  were  also  made  in  winter  at  mid-latitudes  and  above  50^.  A pronounced 
winter  variation  was  found  and  is  discussed  in  detail  below.  The  winter  variation  ii:  excluded 
from  the  data  in  Figure  1-62.  The  second  measurement  series  represented  in  Figure  1-62  is  a 
short  one,  namely,  two  flights  by  Patel  and  coworkers,  who  used  a spin-flip  Raman  laser  to 
detect  NO  in  absorption  in  a multipass  cell  (Patel  et  al.,  1974;  Burkhardt  et  al.,  1975).  Although 
only  two  flights  were  performed,  the  results,  taken  in  the  fall  of  1973  and  the  spring  of  1974,  are 
in  remarkably  good  agreement  for  several  hours  at  float  altitude.  A single  data  point, 
representing  the  noontime  mean,  is  given  in  Figure  1-62. 

Figure  1-62  also  includes  the  mass  spectrometer  data  of  Maier  et  al.  (1978).  Unfortunately,  the 
instrument  was  used  only  on  this  one  flight.  Also  given  in  Figure  1-62  are  the  pressure- 
modulated  radiometer  data  of  Roscoe  et  al.  (1961).  An  earlier  flight  (Drummond  and  jarnot, 
1978)  produced  consistent  results  of  considerably  less  precision  and  these  are  not  used  here. 
The  data  of  Roscoe  and  coworkers  are  the  only  daytime  long-path  NO  height-profile  information. 
The  uppermost  datum  is  particularly  valuable  since  it  is  at  an  altitude  where  there  is  only  one 
other  set  of  measurements. 
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Figure  1-60.  In  situ  NO  mixing  ratio  meaauremenU  of  Ridley  and  coworkers.  All  of  the  flights  were  made  with 
instrumentation  that  incorporated  a new  inlet  and  flight  calibration  procedures. 


Figure  1-61.  In  situ  NO  mixing  ratio  measurements  of  Horvath  and  Mason.  The  1980  measurements  were 
made  on  parachute  dercent. 
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Figure  1-62.  If)  situ  NO  mixing  ratio  measurements  of  several  series  of  flight  yielding  self-consistent  results. 

As  Figure  1-62  shows,  the  data  sets  are  in  gr^  agreement.  Even  though  there  are  soirte 
discrepancies,  there  is  nevertheless  substantial  overlap.  There  ve,  of  course,  some  in  situ  and 
remote  measurements  that  have  been  excluded  from  this  comparison  and  that  conflict  with  the 
data  in  Figure  1-62.  It  is  worth  stressing  here  that  these  exclusions  were  based  on  the  reasons 
given  above  and  not  on  the  fact  that  they  conflict.  Furthermore,  some  of  the  excluded 
measurements  agree  with  those  in  Figure  1-62. 
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The  lowest  altitude  mass  spectrometer  and  pressure  modulated  radiometer  data  have  been 
excluded.  This  seemed  justified  on  the  basis  of  the  relati^iy  targe  uncertainties  attributed  to 
these  data  and  the  fact  that  they  are  significantly  different  from  a well-established  body  of  data 
obtained  with  various  techniques.  While  one  cannot  rule  out  the  possibility  that  mixing  ratk>s 
outside  of  the  individual  range  may  indeed  occur,  one  can  say  that  there  is  no  compelling 
experimental  evidence  at  the  present  that  contradicts  the  range  given  in  Figure  1-83.  As  a 
consequence,  this  area  is  thought  to  represent  the  best  current  experimental  status  of  the  NO 
altitude  profile  for  northern  (and  perhaps  southern)  mid-latitudes  (the  equatorial  xone  is 
excluded)  and  all  seasons  except  winter.  The  variation  between  extremes  is  typically  a factor  of 
three  at  the  bwer  altitudes.  However,  the  uncertainty  is  considerably  larger  above  40  km. 
Furthermore,  because  of  the  substantial  difference  between  the  results  of  Horvath  and  Roscoe 
at  SO  km  and  since  the  latter  has  only  one  data  poit.t  at  these  altitudes,  the  uppermost  limit  on 
the  observed  NO  mixing  ratios  is  quite  uncertain  above  SO  km.  The  profile  in  Figure  1-63  is  the 
one  against  which  the  predictions  of  1-D  models  can  be  best  compared  at  the  present.  The 
equatorial  exclusion  arises  because  of  the  paucity  of  data  and  the  possibility  of  significant 
differences  from  the  equatorial  latitudes.  The  winter  and  the  high-latitude  exclusions  arise 
because  rneasurements  have  indicated  that  there  are  substantial  differences  in  the  profiles  ai  this 
season  and  location,  as  described  below. 

Diurnal  Variation 

Observations  have  confirmed  all  of  the  major  NO  diurnal  variations  expected  from  the 
stratospheric  odd-nitrogen  chemistry:  essentially  no  NO  at  night,  a rapid  increase  sunrise,  a 
slow  increase  during  the  daytime  and  a rapid  decrease  at  sunset.  All  of  these  features  have  been 
observed  in  detail  with  both  in  situ  and  remote  techniques. 

The  most  extensive  set  of  observations  are  from  the  in  situ  studbs  of  Ridley  and  coworkers,  who 
used  their  balloon-borne  chemiluminescerKe  instrument.  Figures  1-64  and  1-65  show  sunrise  and 
sunset  data,  respectively.  The  sunrise  1975  flight  employed  two  separate  chemiluminescence 
instruments  (Ridley  et  al.,  1977),  neither  of  which  had  the  improved  inlet  calibration  procedures 
adopted  in  1977  (Ridley  and  Schiff,  1961).  Although  it  might  be  fortuitous,  the  NU  mixing  ratios 
are,  however,  in  accord  with  those  from  their  later  flights  (see  Figure  1-6U).  Figure  1-65  shows 
this  group's  sunset  measurements  (Ridley  and  Schiff  1961).  Both  sets  of  data  reveal  these 
rapidly  changing  events  in  remarkable  detail  and  Figure  1-64  clearly  shows  a slow  NO  increase 
during  the  daytime. 

Patel  and  coworkers  have  also  examined  these  variations  in  situ,  as  is  shown  in  Figure  1-66 
(Burkhardt  et  al.,  1975).  The  detail  is  less  and  no  one  flight  covered  the  whole  period,  but  the 
use  of  an  entirely  different  technique,  spin-flip  laser  absorption,  provides  valuable  corroboration 
of  the  chemiluminescence  results. 

Long-path  remote  studies  of  the  total  column  density  of  NO,  thus  far  limited  to  sunrise  and 
sunset  observations,  show  the  early-morning  and  late-afternoon  difference.  Mankin  and 
coworkers  have  used  Fourier  transform  absorption  spectroscopy  aboard  an  aircraft  to  measure 
the  daytime  column  density  of  NO  above  12  km  (Coffey  et  al.,  1981),  Their  extensive 
measurements,  which  are  presented  in  detail  below,  show  a factor  of  two  larger  NO  column 
density  near  sunset  when  compared  to  that  observed  after  sunrise.  However,  Girard  and 
coworkers,  using  an  IR  spectrometer  in  a similar  fashion,  failed  to  find  such  a daytime  variation 
(Fontandia  et  al.,  1975;  Girard  et  al.,  1978/79).  The  reason  for  the  discrepancy  is  not  clear  and 
further  comparisons  of  the  result  of  Girard  and  coworkers  with  those  of  other  groups  are  made 
below. 
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Figure  1-64.  The  sunrise  in  situ  NO  measurements  of  Ridley  et  al.  (1977)  obtained  using  two  chemilumi 
nescence  instruments  simultaneously  flown  on  May  15,1979  near  33'N,  106°W. 


LOCAL  TIME  (hours: minutes) 


Figure  1-65.  The  sunset  in  situ  measurements  of  Ridley  and  Scliiff  (1M1)  obtained  with  a chemiluminescence 
instrument  flown  on  November  8,  1 978  near  32*N,  96*W. 
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Figure  1-66.  Tt»  sunrise  end  sunset  in  situ  NO  meesurements  of  Burkherdt  et  el.  (1876)  obtained  with  a 
spin-flip  infrared  absorption  instrument  flown  at  32*N.  86-106*W. 

Loewenstein  and  coworkers  have  used  their  U-2-borne  chemiluminescence  instrument  to  study 
the  'diurnal'  behavior  of  NO  at  20  km  during  the  2b  February  1S79  total  solar  eclipse  (Starr  et 
al.,  I960).  Figure  1-67  shows  the  results.  During  the  eclipse  maximun\  the  NO  mixing  ratio  was 
at  or  below  the  0.0Q3-ppbv  detection  limit.  Although  it  is  not  related  to  this  'diurnal*  behavior, 
the  equilibrium  NO  mixing  ratios  before  and  after  the  eclipse  were  about  0.1  ppbv,  which,  for  the 
20  km  flight  altitude,  are  lower  than  the  spring-through-fall  profile  in  Figure  1-67.  Whether  this 
is  a winter  pattern  or  a dynamics-controlled  ‘event*  is  not  certain. 

St'osoiiul  I ■im'i«ru)n 

The  variation  of  NO  with  season  rtecessarily  requires  an  extensive  measurement  program. 
Fortunately,  several  such  studies  have  been  conducted  with  different  techniques.  The  various 
results  are  in  reasonable  harmony. 

The  most  extensive  of  such  investigations  are  those  of  Loewenstein  and  coworkers  using  a U-2 
chemiluminescence  instrument.  The  studies  have  revealed  two  major  seasonal  effects.  The  first 
of  these  stems  from  a 4-year  flight  series  at  21.3  km  during  all  months  of  the  year.  The  results 
are  shown  In  Figure  1-66  (Loewenstein  et  al.,  1977).  A rather  sharp  winter  minimum  and  a 
broader  summer  maximum  is  apparent.  The  ratio  of  the  maximum  «id  minimum  concentrations  is 
about  six.  ^he  reproducibility  of  the  pattern  over  4 years  makes  it  difficult  to  doubt  its  reality. 

Furthermore,  the  same  trend,  although  defi.ied  by  less  data,  has  been  found  at  16.3  km. 
Apparently,  there  are  no  other  in  situ  or  remote  NO  measurements  that  have  been  made  at 
mid-latitudes  in  December  or  January  that  could  offer  corroboration  of  the  magnitude  of  this 
effect.  Although  not  directly  comparable,  vertical-column  measurements  do  show  slightly  more 
NO  in  the  summer  than  in  the  winter  in  mid-latitudes,  but  the  ratio  is  only  1.4  (Coffey  et  al.. 
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TIME  DURING  FLIGHT,  (sec  x lO'^) 


Figure  1-67.  The  in  situ  meKurements  of  Starr  et  al.  (1980)  obtained  with  a chemiluminescence 

instrument  flown  during  a total  solar  eclipse  at  20  km  and  47*N,  1 12*W.  The  solid  line 
is  a smooth  representation  of  the  data. 


Figure  1-68.  Nitric  oxide  seasonal  data  (122*W,  40*N)  summary  at  21.3  km.  The  in  situ  NO  measurements  of 
Loewenstein  et  al.  (1977)  obtained  with  a chemiluminescence  instrument. 
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1961).  However,  as  noted  in  more  detail  below,  these  winter  measurements  were  in  mid- 
February,  which  is  somewhat  later  than  the  time  at  which  the  U-2  flights  indicate  the  minimum 
NO  concentrations. 

The  second  striking  seasonal  variation  discovered  by  Loewen stein  and  co workers  is  shown  in 
Figure  1-69.  The  data  are  from  several  summer  and  fall  flights  at  18  km  altitude  and  from  S*N  to 
8(fN  latitude.  North  of  about  5(r  or  60*,  the  NO  concentration  exhibits  a marked  seasonal 
variation;  the  summer  values  are  an  order  of  magnitude  larger  than  the  fall  values.  There  were  no 
winter  or  spring  high-latitude  flights,  so  only  a summer-fall  comparison  is  possible.  The  fall 
high-latitude  values  are  nearly  zero;  therefore*  the  winter  values  cannot  be  much  lower.  At  21 
krn,  the  high-latitude  data  are  sparse;  hence,  the  spring-fail  difference  seen  at  18  km  could  not 
be  investigated. 

Remote  measurements  have  shown  seme  of  these  seasonal  features,  but  to  a lesser  magnitude. 
Figure  1-70  gives  the  vertical-column  values  of  Coffey  et  ai.  (1981),  made  by  Fourier  transform 
infrared  absorption  spectroscopy  from  an  aircraft  platform.  The  summer  values  are  somewhat 
higher  than  the  winter  values.  Furthermore,  there  is  a distinct  reduction  in  the  NO  column  at 
SO'M  in  the  winter,  much  like  that  found  in  the  in  situ  data.  The  more  limited  measurements  by 
Girard  et  al.  (1978/79),  who  used  a similar  absorption  technique,  do  show  a winter,  high-latitude 
reduction,  but  these  observations  were  made  in  an  earlier  month.  The  values  for  the  NO  vertical 
column  above  about  11  km  obtained  by  Coffey  et  al.  (1981)  and  Girard  et  al.  (1978/79)  are  about 
3.5x10^^  cm"2  and  5,0x10^5  cm’2^  respectively.  The  difference  is  about  equal  to  the  combined 
uncertainties. 

Latitudittal  \ 'ariations 

Between  5^  and  about  SO^,  there  is  substantial  evidence  that  the  latitudinal  variation  of  NO  is 
not  large.  Figure  1-69  shows  the  north-south  variation  for  sunvner  at  18  and  21  km  altitude 
measured  by  Loewenstein  et  al.  (1978a).  These  data  are  typical  of  those  obtained  from  their 
other  north-south  transects.  The  largest  5^-to-5(JT4  difference  is  about  2.5,  the  values 
increasing  in  a northern  direction.  Figure  1-7U  has  shown  that  the  vertical-column  data  of  Mankin 
and  coworkers  (Coffey  et  al.,  1981)  exhibit  only  a small  latitudinal  variation  between  5®N  to  45*N, 
approximately  1.3  at  most.  VAoreover,  the  studies  of  Girard  and  coworkers  (Girard  et  al., 
1978/79),  which  employed  similar  absorption  techniques,  found  the  same  trends. 

Or/it'r  I iiriafioMS 

Although  the  height  profiles  of  Ridley  and  covvorkers  have  shown  little  change  from  one  year  to 
another,  there  is  some  evidence  that  suggests  »hat  NO  can  vary  considerably.  Ackerman  et  al. 
(1975)  have  reported  order-of-magnitude  differences  between  height  profiles  inverted  from 
long-path  absorption  data.  No  lengthy  series  of  remote  measurements  of  NO  have  been  made, 
however,  and  it  is  difficult  to  assess  whether  large  changes  occasionally  occur  in  the 
stratospheric  NO  mixing  ratios. 

Nitrogen  Dioxide  (NO2) 


hitroduction 

Several  extensive  flight  and  ground-based  measureirient  programs  Irave  established  a better 
picture  of  stratospheric  NO2  in  recent  years.  NO2  is  a rather  variable  constituent,  both  in  time 
and  in  location,  and  some  of  its  now  recognized  variations,  such  as  the  winter  minimum  at  high 
latitudes,  are  an  unanswered  challenge  to  theory. 
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Figure  1-69.  The  in  situ  NO  measurements  of  Loewenstein  et  al.  (1978a)  obtained  with  a chemiluminescence 
instrument  in  1975  end  April-May,  1976. 
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Figure  1-70.  The  vertical-column  measurements  of  NO  above  12  km  made  by  Coffey  et  al.  (1981)  with  a 

Fourier  transform  infrared  absorption  instrument  in  1078,  1979,  and  1980  at  west  longitude  80  to 
119  degrees. 


Altitude  l^ofile 

There  are  virtually  no  In  situ  measurements  of  NO2  in  the  stratosphere;  hence,  essentially  all  of 
the  information  about  the  NO2  altitude  profile  has  corrte  from  remote  techniques.  Most  of  these 
methods  have  required  the  long  path  associated  with  the  rising  or  setting  Sun,  obtaining  the 
vertical  variation  of  the  NO2  mixing  ratio  by  unfolding  it  from  the  change  of  the  slant  column 
density  as  a function  of  the  viewing  angle.  Thus,  the  majority  of  the  NO2  altitude  profile 
measurements  are  grouped  into  either  sunrise  or  sunset  profiles.  The  sunset  mixing  ratios  of 
NO2  are  larger  than  those  at  sunrise,  the  increased  NO2  having  been  formed  from  the  photolysis 
of  N2O5.  In  addition  to  this  sunrise/sunset  difference,  there  are  marked  seasonal  and  latitudinal 
variations  in  the  vertical  column  of  NO2.  As  noted  in  detail  below,  the  NO2  vertical-column 
values  increase  with  increasing  latitude  and  are  larger  in  the  summer  than  winter.  Therefore,  the 
large  number  of  profile  observations  must  be  gathered  into  subgroups  of  certain  tintes,  places, 
and  seasons,  in  order  to  have  a well-defined,  homogeneous  profile.  The  largest  of  these  is  the 
subset  of  sunset  profiles.  This  subset  is  examined  here  to  see  if  they  also  show  latitudinal  or 
seasonal  trends. 

Figures  1-71,  1-72  and  1-73  show  observed  sunset  profiles  at  approximately  32*,  4ff,  and  55^, 
respectively.  Each  profile  is  made  up  of  at  least  two  flights.  The  error  bars  reflect  the  reported 
uncertainties. 
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Figure  1-71.  Remote  measurements  of  the  sunset  altitude  profile  of  NO2  made  at  32  to  33*N  latitude. 
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Figure  1-71  contains  the  results  of  the  extensive  flight  series  of  Murcray  md  coworkers,  who 
employed  infrared  (Murcray  et  al.,  1974;  Blatherwick  et  aU,  1960)  and  visible  (Goldman  at  al., 
1978)  absorption  techniques  from  a balloon  inform  launched  in  the  southern  United  States. 
Accompanying  these  data  are  the  results  of  the  two  recent  flights  of  Fischer  and  coworkers 
(personal  communication,  1961).  The  data  set  includes  winter,  spring,  and  fall  flights,  but  there 
are  no  obvious  seasonal  differences  between  the  profiles.  This  lack  of  variation  is  in  accord  with 
the  vertical-column  observations,  which  (see  Figure  1-78  below)  find  little  seasonal  variation  at 
latitudes  below  35*N.  However,  the  lack  of  a summer  flight  precludes  the  most  sensitive  test, 
namely,  a summer/winter  comparison. 

Figure  1-72  gives  the  results  of  flights  that  were  made  in  the  early  1970s  using  infrared  absorp- 
tion on  balloon  (Ackerman  and  Muller,  1973;  Ackerman  et  al.,  197S)  and  aircraft  (Fontanella  et 
al.,  1975)  platforms  in  France.  The  16x10"^  value  of  Rigaud  et  al.  (1977)  at  37  km  in  May  of  1976 
seemed  too  large  to  warrant  ir^lusion.  Three  seasons  are  represented  (winter  is  missing),  but 
the  small  data  set  and  the  experimental  uncertainties  complicate  the  «camination  for  seasonal 
trends. 


Figure  1-72.  Remote  measurements  of  the  sunset  altitude  profile  of  NO2  made  at  45  to  50*N  latitudes. 
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Figure  1-73.  Remote  measurements  of  the  sunset  altitude  profile  of  NO2  made  at  51  to  58*N  latitudes. 

Figure  1-73  shows  the  results  from  flights  made  over  a 3-year  period  in  Canada  using  visible 
absorption  techniques  (Kerr  «id  McElroy,  1976;  Evans  et  al.,  1978).  Two  sets  of  results  are 
shown.  The  data  of  Evans  et  al.  (1978)  summarize  the  results  of  four  flights.  All  five  flights 
occurred  in  the  summer. 

The  daui  in  Figures  1-71,  1-72,  and  1-73  are  in  good  agreement  within  each  latitude  range.  The 
high-latitude  mixing  ratios  are  up  to  a factor  of  two  larger  than  the  mid-latitude  values  in  the 
range  from  15  to  30  km,  as  a comparison  of  Figures  1-71  and  1-73  shows.  Since  the 
concentrations  associated  with  such  profiles  reach  a maximum  value  at  about  25  kn\  these  lar^ 
high-latitude  values  cause  the  associated  vertical-column  value  to  be  larger.  Although  the 
uncertainties  are  relatively  large,  this  2.4x10^^  cm"2  difference,  which  is  a 50%  increase 
corresponding  to  a 2(f  change  in  latitude  in  the  summer,  is  in  good  agreement  with  the  change 
that  has  been  observed  in  vertical-column  studies  of  the  latitudinal  dependence  of  NO2  in  the 
summer.  Unfortunately,  no  one  research  group  has  data  represented  in  two  or  more  of  Figures 
1-71  through  1-73.  Therefore,  it  remains  possible  that  the  agreement  may  be  fortuituous, 
particularly  since  the  45*  to  50*N  vertical~column  datum  does  n(<  fit  very  well  Into  the  trend.  It 
is  nevertheless  reassuring  that  the  associated  vertical-column  values  determined  from  these 
profiles  agree  fairly  well  with  those  directly  measured  (see  Figures  1-78  anJ  1-79  below). 
Furthermore,  the  forthcominti  SAGE  satellite  results  (McCormick,  personal  communication,  1981) 
are  quite  consistent  with  these  data. 

One-dimensional  nxidel  and  observations  can  probably  best  be  compared  usi.ig  the  32  to  33^ 
profile  in  Figure  1-71.  However,  the  large  zenith  angle  associated  with  these  sunset 
nieasurements  implies  that  a meiiningful  con^rison  will  not  be  straightforward. 
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Figure  1-74  contains  the  results  of  measurements  that  were  made  hi  full  daytime  and  nighttime* 
The  daytime  studies  are  from  the  long-path  pressure-modulated  infrared  radiometer  of  Roscoe  et 
al.  (1^1)  and  the  in  situ  matrix  isolation  collector  of  Mihekic  et  d*  (1S78).  Earlier  daytime 

long-path  studies  (Harries  et  al«,  1976;  Drummond  and  Jarnot,  1978)  had  considerably  less 

precision  wid  are  not  included  here.  The  nighttime  study  is  the  long-path  absorption 

Investigation  of  Naudet  et  al.  (1980),  who  used  a star  as  light  source. 

Diurtud  i^ariations 

Both  vertical -profile  and  vertical-column  measurements  have  defined  the  diurnal  variation  of 
N02*  Figure  1-75  shows  the  morning-evening  difference  reported  by  Evans  et  al.  (1978),  who 
averaged  the  results  of  four  flights.  The  decrease  from  evening  to  morning  is  about  a factor  of 
two,  which  agrees  with  vertical-column  sneasurements.  Figure  1-76  shows  the  results  of  M«ikin 
and  coworkers  (Coffey  et  al.,  1981),  who  used  infrared  absorption  spectroscopy  aboard  an 
aircraft.  Noxon's  grcund-based  absorption  spectroscopic  technique  (Noxon  et  al.,  1979;  Noxon, 
1960)  shows  a factor  of  two  larger  NO2  vertical  column  density  at  night  when  compared  to 
daytime  values,  which  is  consistent  with  the  above  studes.  Girard  et  al.  (1978/1979),  using 
similar  techniques,  did  not  initially  find  a sunrise- «unset  difference;  however,  recent,  more 
precise  measurements  (Girard,  personal  communication,  1981)  have  found  this  difference. 

Seasonal  Variations 

The  seasonal  variations  of  NO2  are  best  illustrated  by  the  extensive  ground-based  measurements 
of  Noxon  (1979).  Figure  1-77  shows  the  results  of  4 years  of  vertical-column  measurements  at 
various  northern  latitudes.  The  winter  minimum  aid  summer  maximum  is  extremely  regular  and 
the  ratio  is  as  large  as  a factor  of  five  at  the  higher  latitude.  Girard  et  al.  (1978/79)  report  the 
same  seasonal  trend,  but  it  is  less  well  defined  in  their  smaller  data  set.  Other  vertical  column 
measurements  have  also  been  less  extensive  and  some  unusually  large  values  hav'e  been  reported 
(Pommereau  and  Hauchecorne,  1979). 

Latitudinal  Variations 

Vertical  column  measurements  have  demonstrated  that  NO2  increases  with  northward  latitudes, 
f igure  1-78,  which  gives  the  airborne  measurements  of  Mankin  and  coworkers,  shows  an  increase 
of  50%  between  59nI  and  30^,  independent  of  season  (Coffey  et  al.,  1961).  This  lack  of  a strong 
seasonal  variation  at  301^  is  consistent  with  the  profile  data  in  Fif’ure  1-71,  The  vertical  colun»'i 
value  of  Ogawa  et  al.  (1981),  7x10'*^  cm~^,  from  a 40^,  May,  balloon  flight  is  in  good  agreement 
with  the  summer  data  of  Coffey  et  al.  (1981). 

At  the  higher  'Altitudes,  however,  there  is  a pronounced  seasonal  effect.  This  is  best  illustrated 
in  Figure  1-79,  which  gives  the  measurements  or  Noxon  (1979),  who  first  noted  this  unusual 
effect.  In  the  summer,  the  NO2  continues  to  increase  with  increasing  latitude.  However,  in  the 
winter,  the  polar  NO2  is  very  low,  changing  abruptly  at  about  459<i.  The  Southern  Hemisphere  is 
found  to  mirror  the  Northern  in  this  regard  (Noxon,  1976). 

Other  l^ariatiotu 

Noxon  et  al.  (1979)  have  found  that  the  vertical  column  density  of  NO2  can  change  a factor  of 
two  within  the  time  span  of  a few  days.  Figure  1-80  illustrates  this  phenomenon.  On  26  April 
1976,  the  NO2  abundance  increased  sharply,  unly  to  fall  within  a day  or  so.  The  effect  has  been 
related  to  transport.  This  obviously  implies  that  a single  NO2  profile  cannot  always  be  associated 
with  a given  location  and  season. 
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Figure  1-74.  RmuIu  cf  full  daytime  and  full  nightime  mcaturemeritt  of  N02-  The  data  of  Roicoe  et  al. 

(1M1)  (daytime)  and  Naudet  et  al.  (I960)  (nighttime)  were  obtained  uaing  long  pathlength 
techniques,  while  the  daytime  data  of  Mihelcic  et  al.  (1978)  were  collected  in  situ. 
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Figure  1-75.  The  sunrise  and  sunset  altitude  profiles  of  NOj  reported  by  Evans  et  al.  (1978)  from  the  Canadian 
stratoprobe  flight  series.  The  upper  and  lower  limits  indicate  the  maximum  observed  deviations 
from  the  mean.  The  measurements  were  made  using  a balloon-borne  visible  absorption  apparatus. 
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1-76.  Sunrise  and  sunset  verticel-column  measurements  of  Mankin  and  cowrorkers.  who  used  an  infrared 
absorption  apparatus  on  an  aircraft  platform  (Coffey  et  al.,  1961). 


Figure  1-77.  Seasonal  variation  of  tate-aftemoon  NO2  at  four  latitudes,  as  given  by  the  ground-based  visible 
absorption  spectroscopic  meMurements  of  Noxon  (1979).  The  abundarKe  should  be  multiplied 
by  1.25  (Noxon,  1980). 
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Figure  1-78.  Latitudinal  and  seasonal  variations  of  the  late-aftemoon  vertical  «>lumn  of  NO2,  as  measured  by 
Mankin  and  coworkers  using  aircraft-borrw  infrared  absorption  techniques  (Co^y  et  al.,  1981). 
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Figure  1-79.  Latitudinal  and  seasonal  variations  of  the  late-afternoon  vertical  column  of  NO2.  as  measured  by 
Noxon  (1979)  using  ground-based  visible  absorption  techniques.  The  values  represented  by  the 
open  and  filled  circles  should  be  multiplied  by  16,  all  others  by  1. 25  (Noxon  1980). 
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Figure  1-80.  The  daily  variation  of  the  vertical  column  of  the  nighttime,  late-afternoon,  and  early  morning 
NO2  at  40*N  in  April  and  May  1976,  a$  seen  by  Noxon  et  al.  (1979),  using  ground-based 
visible  absorption  spectroscopy.  The  abundttK»s  should  be  multiplied  by  1.25  (Noxon,  1980). 

Nitric  Acid  (HNO3) 

Introduction 

HNO3  has  been  studied  with  a variety  of  in  situ  and  remote  techniques.  The  main  features  of  the 
height  profile  have  been  established  and  much  of  the  latitudinal  variation  is  now  well 
established.  The  current  status  is  summarized  in  the  section  below  and  the  details  are  contained 
in  the  renrtaining  sections. 

Altitude  1^0 file 

The  altitude  profile  of  nitric  acid  in  the  stratosphere  has  been  established  experimentally  by  in 
situ  and  remote  techniques  at  Northern  Hemispheric  mid-latitudes  and  is  shown  in  Figure  1-81. 

Two  in  situ  methods  are  represented.  The  first  is  that  of  Lazrus  and  Candrud  (1974b),  who  used 
a filter  collection  technique  on  balloon  and  aircraft  platforms.  The  second  in  situ  method  is  the 
rocket-borne  ion-sampling  technique  of  Arnold  and  coworkers  (1980),  with  which  the  HNO3 
mixing  ratio  is  deduced  from  the  observed  ion  concentrations  and  the  ion  chemistry  leading  to 
their  formation  from  the  ambient  HNO3. 

The  remote  measurements  have  employed  the  bng  path  associated  with  the  rising  or  setting  Sun. 
Since  HNO3  has  a long  lifetime,  the  time  of  the  day  at  which  the  measurement  was  made  is  not 
as  critical  a parameter  as  it  is  for  NO  and  NO2.  Thus,  both  in  situ  and  remote  measurements  can 
be  meaningfully  intercumpared  in  Figure  1-81.  Both  infrared  emission  (Evans  et  al.,  1978;  Harries 
et  al.,  1976;  Murcray,  personal  communication,  1900)  and  absorption  (Fontanella  et  al.,  1975;  and 
Fischer,  personal  communication,  I960)  have  been  used.  The  data  of  Evans  et  al.  (1^8)  represent 
the  mean  of  the  results  of  four  flights.  All  of  the  data  in  Figure  1-81  are  in  good  agreeinent,  with 
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the  exception  of  the  tower-altitude  results  Lazrus  and  Candrud  (1974b)  which  tend  to  be 
tower  than  the  other  measurements. 
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Fieura  i-81.  In  situ  and  ramota  measuraments  of  tha  HNO^  mixing  ratio  at  northarn  mid-latitudat. 


There  Is  no  obvious  seasonal  trend  in  these  profile  data.  Lazrus  and  Candrud  (1974b)  reported 
that  their  winter  and  spring  measurements  showed  higher  HNO3  concentrations  than  did  their 
summer  and  fall  measurements,  but  the  data  were  too  sparse  to  be  able  to  make  a more  positive 
statement.  The  verticiy  column  density  associated  with  these  profile  measurements  in  Figure  1-81 
is  (8.6  1 4.0)  X 10^^  cm“^,  which  is  in  fair  agreement  with  the  vertical-column  measurements 
discussed  below. 

Diurnal  I'ariation 

No  change  in  the  FWO3  abundance  as  a function  of  the  time  of  the  day  has  been  observed. 
Stasonal  I anuriun 

At  latitudes  less  than  about  40t4,  there  is  no  strong  evidence  to  support  a large  seasonal 
variation.  The  vertical-column  measurements  of  Mankin  and  coworkers,  who  used  an 
aircraft-borne  infrared  absorption  instrument  (Coffey  et  al.,  1961),  found  essentially  no 
summer-to-winter  change,  as  Figure  1-87  shows.  Lippens  and  Muller  (1961)  found  the  slightly 
higher  value  (1.8  s 0,4)  x 10^^  cm"^  409s|  in  April. 
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Figure  1-82.  Evidence  for  the  lack  of  seasonal  variation  in  the  vertical  column  density  of  HNO3 

at  latitudes  less  than  40*  as  measured  by  Coffey  et  al.  (1981 ) using  infrared  absorption. 

Latitmimal  I ‘ariation 

The  latitudinal  variation  of  the  vertical  column  of  HNO3  is  well  documented  (Murcray  et  al., 
1975,  Coffey  et  al.,  1981).  There  is  a strong  increase  in  the  vertical -column  density  with 
increasing  latitude,  both  in  the  Northern  and  Southern  Hemispheres.  Figure  1-83  shows  the  data 
of  Murcray  et  al.  (1975).  Aboye  about  50  to  60^  latitude  there  appears  to  be  a pronounced 
seasonal  variation.  At  these  high  latitudes,  the  winter  HNO3  concentration  is  high  (see  Figure 
1-82)  and  in  the  early  sunrvner,  it  seems  to  be  much  lower,  as  the  data  of  Murcray  et  al.  (1978)  in 
Figure  1-84  show. 

Other  I 'ariations 

The  observational  program  of  Murcray  and  coworkers  has  also  found  that  the  vertical  column  of 
HNO3  has  short-term  variability,  as  Figure  1-85  indicates.  Within  a few  days,  changes  of  60% 
occurred,  presumably  due  to  atnwspheric  dynamics. 

Nitrogen  Trio.Hide  (NO3} 

A single  height  profile  is  available  for  nighttime  NO3  (Naudet  et  al.,  1981).  The  measurements 
were  made  at  43*N  in  September  from  a balloon.  They  are  based  on  absorption  in  the  visible 
region  using  Venus  as  the  light  source.  The  derived  profile  and  stated  uncertainties  are  shown  in 
Figure  1-86. 

The  corresponding  column  abundance  between  20  and  39  km  is  (3.5  ± 1,2)x10^^  Cfn“2,  This 
appears  to  be  consistent  with  Noxon's  estimate  of  about  10^^  cm’^  in  the  spring  and  an  upper 
limit  of  4x10^^  cm’^  in  the  summer. 
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LATITUDE 

Figure  1-83.  The  latitudinal  variation  in  the  vertical  column  density  of  HNO<i,  as  measured  by  Murcray  et 

19  5 

al.  (1975)  using  infraredemission.  (1  atmos-cm  = 2.7x10  molecules/cm*). 
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Figure  1-84.  The  decline  of  the  HNO3  vertical  column  density  at  high  latitudes  in  the  spring  north  of  70*’  as 
seen  by  Murcray  et  al.  (19781  using  infrared  emission. 
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Nitrogin  Ptntoxidt  (N2C^) 

There  have  been  no  new  measurements  of  N2O5.  This  situation  remains  as  reported  in  NASA  RP 
1049:  A tentative  detection  of  2 ppbv  at  30  km  a few  hours  after  sunrise  by  Evans  et  ai.  and  an 
upper  limit  of  1.2x10^^  cm~^  above  18  km  in  February  by  Murcray* 

Peroxynitric  Acid  (HO2NO2) 

Despite  the  recent  interest  in  this  species  no  detection  of  its  presence  has  been  reported*  The 
upper  limit  remains  at  0.4  ppbv  as  reported  in  NASA  RP  1049. 

ODD  HYDROGEN 

Hydroxyl  Radical  (HO) 

Hydroxyl  has  been  observed  in  the  stratosphere  by  four  independent  techniques: 

e Solar  flux  induced  resonance  fluorescence  observed  by  a rocket-borne  spectrophotometer 
(Anderson,  1971a;  Anderson,  1971b)  which  provides  a local  concentration  measurement  by 
determining  the  change  in  total  column  emission  rate  as  a function  of  altitude. 

a Balloon-borne  in  situ  molecular  resonance  fluorescence  using  a plasma  discharge  resonance 
lamp  to  induce  fluorescence.  The  fluorescence  chamber  is  lowered  through  the  stratosphere 
on  a parachute  to  control  the  altitude  and  velocity  of  the  probe  (Anderson,  1976;  Anderson, 
1900). 

e Ground-based  high  resolution  solar  absorption  by  a PEPSIOS  (Poly-Etalon  Pressure  Scanned 
interferometer)  instrument  which  resolves  a single  rotational  line  in  the  (0-0)  band  of  HO  at 
309  nm.  The  total  column  density  of  terrestrial  HO  between  the  instrument  and  the  Sun  is 
observed,  dominated  by  the  altitude  interval  25  to  65  km  (Burnett  1976,  1977;  Burnett  and 
Burnett,  1901). 

e Balloon-borne  laser  induced  detection  aid  ranging  (LiDAR)  in  which  a (Mjlsed  laser  system 
coupled  to  a telescope  is  used  to  observe  the  backscattered  fluorescence  from  HO,  The  laser 
is  tuned  to  the  1-0  band  of  the  A-X  transition  at  282  nm  and  the  fluorescence  at  309  nm 
(the  0-0  band)  is  observed  as  a function  of  time  following  the  laser  pulse  (Heaps  and 
McGee,  1961). 

Rocket-Borne  Solar  Induced  I’luorescence 

A single  rocket-borne  HO  observation  (Anderson,  1971b)  constitutes  the  only  observation  of  this 
radical  above  the  stratopause  and  because  of  the  importance  of  this  region  to  the  interpretation 
of  ground-based  data,  we  must  treat  the  accuracy  and  precision  of  the  method. 

The  technique  employs  a high  resolution  scanning  spectrophotometer  m<i:)unted  in  the  nose  of  the 
rocket,  looking  vertically  as  the  rocket  ascends.  The  spectrom^er  is  polarized  and  rotated  about 
the  roil  axis  of  the  rocket  to  discriminate  against  Rayleigh  scattered  light  from  N2  and  O2  (which 
is  polarized)  that  otherwise  masks  the  fluorescence  emission  from  HO  (which  is  not  polarized). 
As  the  instrument  ascends,  the  total  column  emission  above  the  rocket  is  measured.  That  column 
brightness,  4 w I,  is  related  to  the  HO  column  concentration,  N,  by  the  expression: 
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where  ir  F is  the  solar  flux  at  each  rotational  line  of  ttie  (0*0)  hand  of  the  A-X  transition  of 
HO,  X is  the  wavelength,  f is  the  oscillator  stren^h  of  the  transition  and  e,  nv  and  c have  their 
customwy  definitions.  Collisional  deactivation  is  ttcprcsscd  by  6 , the  ratio  of  the  radiative  rate 
to  the  sum  of  the  radiative  rate  and  the  rate  of  collisiorsai  deactivatiorw  Experimental  uncertain- 
ties are  summarized  in  the  table  bebw: 

Quantity  Uncertainties 

Solar  Flux,  ir  F t30% 

Oscillator  strength,  f t20% 

Quenching  coefficient,  B t15% 

Background  subtraction  *30% 

A root  mean  square  uncertainty  of  *20%  is  adopted  in  this  report. 

Balloon-Borne  In  Situ  Resonance  Fluorescence 

This  method  employs  the  allowed  transition  between  the  A^Eand  the  X^n state  of  HO  at  309 
nm.  HO  resonance  radiation  is  obtained  from  a low  pressure  plasma  discharge  in  helium  and  a 
trace  amount  of  H2O  vapor.  This  radiation  is  collimated  and  passed  across  a flowing  sample  of 
stratosphere  air  created  by  lowering  the  instrument  through  the  stratosphere  on  a stabilized 
parachute.  Photons  resonantly  scattered  from  the  beam  by  HO  are  counted  by  a photomultiplier 
observing  the  axial  region  of  the  flow  which  is  passed  through  the  core  of  an  aerodynamically 
shaped  vessel.  Tlie  vessel  both  contains  the  flow,  to  allow  controlled  cliemical  conversion  to  be 
carried  out,  and  isolates  the  detector  from  the  radiation  environment  of  the  stratosphere. 

The  instrument  is  calibrated  in  a laboratory  flow  reactor  which  is  capable  of  forming  a known 
concentration  of  HO  at  pressures  and  flow  velocities  appropriate  to  the  stratosphere 
observations.  Because  the  instrument  is  removed  from  the  laboratory  system  and  flown  without 
change,  it  is  necessary  only  to  determine  the  proportionality  factor  relating  observed  count  rate 
to  the  absolute  HO  concentration  for  a given  photon  fiux.  Thus,  the  accuracy  of  the  calibration 
depends  only  on  uncertainties  in  the  absolute  HO  concentration  in  the  laboratory  system. 

A detailed  account  of  experimental  uncertainties  (see  Anderson,  197S)  implies  an  overall 
experimental  uncertainty  of  *30%. 

Ground-Based  High  Resolution  Ultraviolet  Absorption 

The  Poly-Etalon  Pressure  Scanned  Interferometer  (PEPSIOS)  instrument  developed  by  Burnett  and 
Burnett  (1961)  for  the  detection  of  total  HO  column  density  uses  a single  rotational  line  in  the 
(0^)  band  at  309  nm.  Given  that  the  rotational  line  is  fully  resolved  by  the  instrument,  and  the 
absorption  cross  section  is  a carefully  measured  and  well  known  quantity,  the  major 
experimental  uncertainty  results  from  the  proper  subtraction  of  the  background  radiation.  While 
this  process  is  complicated  to  some  degree  by  stray  light  in  the  instrument  a careful  analysis  by 
Burnett  and  Burnett  (1961)  implies  an  accuracy  of  *25%  for  the  reported  results. 

Balloon-Borne  Lidar  Detection  of  HO 

The  Lidar  technique  for  the  measurement  of  HO  radicals  in  the  stratosphere  consists  of  a laser 
tuned  to  excite  the  radicals,  and  a telescope  to  detect  the  resonance  fluoresence.  The  laser  is  a 
frequency  doubled  tunable  dye  laser  which  is  pumped  by  the  second  harmonic  of  a Nd-YAG 
laser.  The  laser  is  tuned  so  that  the  UV  output  is  coincident  with  either  the  Pi(2)  or  Q-|(2)  lines 
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(at  ttl.9  nm  or  282.06  nm  respectivriy)  of  the  (1,  0)  manifold  of  the  A-X  transition  in  HO.  The 
iaser  has  a bandwidth  of  0.0025  nm  md  a temporal  pulsewidth  of  9 to  10  nsec^  with  an  energy 
of  1.0  to  1.5  mj/puise.  Because  of  coliisions,  fluorescence  from  the  radical  originates  from 
both  the  v'  a 1 and  v*  > 0 and  a band  of  fiuorescence  10  nm  wide  centered  at  310.0  nm  is 
detected.  This  inciudes  both  the  (0,0)  and  (1,1)  emission  manifoids.  Photon  counting  electronics 
are  used  to  coiiect  the  signal.  Time  gating  of  the  detectors  allows  for  measurements  at  various 
distances  away  from  the  package.  The  photon  return  can  be  expressed  as  follows: 


“ 't  '^OH 


4it 


e"  dR 


Where  Ij  is  the  transmitted  flux  in  photons/pulse  (t50%  uncertainty) 

A is  the  area  of  the  receiver  (<1%) 
y is  the  efficiency  of  the  receiver  and  electronics  (t10%) 

a abs  absorption  cross  section  of  the  transition  taking  into  account  the  iaser  and 

absorption  lineshapes  and  widths  (t25%) 

8 is  the  HO  population  in  the  appropriate  rotational  level  in  the  ground  state  (±5%) 

Cfi  is  fiuorescence  efficiency  term  (tS%) 

R is  the  range  from  the  balloon  (<1%) 

e~°‘^  is  attenuation  of  the  transrhitted  beam  due  to  O3  absorption  (t1%). 

This  term  is  measured  simultaneously  using  a differential  absorption  Liriar  technique. 


The  estimated  contribution  to  the  uncertainty  of  the  extracted  HO  concentration  by  each 
parameter  is  included  in  parentheses.  It  should  also  be  noted  that  in  the  instance  where  the 
signal  is  collected  near  to  the  balloon,  an  additional  term  taking  the  lifetirne  of  the  excited  state 
into  account  is  required  (Heaps,  1960). 


The  ranging  capability  of  the  Lidar  system  enables  uncontaminated  air  to  be  sampled.  But  this 
fact  also  renders  calibration  more  difficult  since  absolute  quantitative  spectroscopic  data  are 
required  to  interpret  the  returned  signal.  Errors  are  therefore  introduced  from  uncertainties  in 
absorption  cross  section  (McGee  and  Mclirath,  1982)  and  collisional  transfer  and  deactivation 
rates  (German,  1975,  1976;  Lengei  and  Crosley,  1975).  The  efficiency  of  the  detector  chain 
(telescope,  spectrograph,  photomultiplier  tubes  and  counting  electronics)  is  determined  using  a 
calibrated  star  source  with  10.0  nm  bandpasses  centered  at  the  detection  wavelengths  of  the 
system.  The  total  systematic  error  in  the  HO  concentration  from  alt  the  above  sources  is 
estimated  to  be  ±57%  (RMS). 


Figures  1-87  to  1-90  present  data  from  (a)  the  upper  stratosphere-mesosphere  rocket  data  from 
Anderson  (1975)  (Figure  1-87);  (b)  the  stratosphere  balloon  data  using  in  situ  resonance 
fluorescence  (Anderson,  I960),  and  LIDAR  (Heaps  and  McGee  1961)  (Figure  1-88);  and  (c)  a 
composite  of  the  two  data  sets  with  an  upper  limit  on  the  mean  tropospheric  HO  concentration 
taken  from  the  methyl  chloroform  lifetime  studies  and  the  tropospheric  laser  experiments  (Figure 
1-90). 

Figure  1-89  presents  the  diurnal  data  taken  with  the  LIDAR  instrument  on  October  20,  1980.  The 
data  from  the  figure  is  summarized  in  Table  1-16.  It  should  be  noted  that  the  midday  values  are 
2 to  3 times  tower  than  Anderson's  values  and  the  evening  values  do  not  drop  as  rapidly  as 
might  be  expected.  A simplistic  model  based  on  HO-HO2  chemistry  predicts  HO  values  in  the 
neighborhood  of  2-4x10^  molecules/cc  which  is  somewhat  tower  than  measured,  but  due  to  the 
large  errors  associated  with  the  measurements,  they  do  not  appear  to  be  totally  inconsistent  with 
the  model.  Artificially  produced  HO  (initiated  by  the  dissociation  of  O3  by  the  iaser  pulse), 
appears  to  be  insignificant. 


ALTITUDE  (km)  •n  ALTITUDE  (km) 
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1-87.  Rocket-borne  measurements  of  HO  radical  in  the  mesosphere  and  upper  stratosphere 
(Anderson,  1971b). 
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Table  1-16 

Balloon  UDAR  Hydroxyl  Measurements  at  34-36  km 


Local  Hme  (CDT) 

[HO]  In  Moleculet/cc 

1347-1410 

4.9(6)t6.4(6) 

1459-1534 

5.2(6)14.1(6) 

1841-1853 

2.9(6)13.8(6) 

1856-1926 

3.5(6)11.2(6) 

2005-2015 

3.6(6)11.9(6) 

2050-2119 

7.8(5)163(5) 

Several  features  of  the  profile  will  be  referred  to  throughout  this  section.  First  the  total  column 
concentration  of  HO  determined  from  an  integral  of  the  in  situ  observations  and  an  estimate  of 
the  upper  mesospheric  profile  is  6.9x10^^  cm"^.  The  fractional  contribution  for  each  15  km 
interval  between  0 and  90  km  is  given  in  Table  1-17. 

Second,  the  altitude  interval  over  which  the  balloon  and  rocket  data  extend  from  30  to  70  km, 
encompasses  all  but  13%  of  the  total  column  concentration.  Thus  the  ground-based  observations 
provide  an  excellent  cross  check  on  the  absolute  concentration  determined  by  the  in  situ 
technk^ues. 

The  total  column  density  of  HO  has  been  observed  by  the  PEPSIOS  and  reported  in  Burnett  and 
Burnett  (1981).  Based  upon  a total  of  270  observing  days  extending  from  December  1976  to 
December  1979,  the  midday  abundance  of  HO  averaged  over  all  seasons  is  5.7x10^^  cm"^.  All 
reported  PEPSIOS  observations  were  made  at  Fritz  Peak  Colorado,  40^  latitude.  Given  the  cited 
uncertainty  of  the  in  situ  observations  of  i40%  and  of  the  total  column  observations  of  t25%, 
the  observed  absolute  concentrations  are  consistent  and  are  summarized  in  Table  1-18. 

All  observations  by  PEPSIOS  were  taken  between  a solar  zenith  angle  of  TU"  following  sunrise 
through  noon  to  a zenith  angle  of  70*  prior  to  sunset.  The  period  of  observation  was  from 
1976-1979  with  a total  of  270  observing  days  which  yielded  900  data  sets  with  equal  to  or  less 
than  orte  hour  time  resolution.  The  diurnal  behavior  of  the  column  densi^  was  fit  to  a curve  in 
sec  X which  is  charactetized  by  an  overhead  Sun  maximum  of  7.1x10'^  cm~^  decreasing  to 
4.9x10^^  cm~2  at  sec  X s2  (solar  zenith  angle  60^).  The  following  systematic  departures  from  the 
mean  were  observed: 

1.  An  annual  increase  of  IxlO*!^  cm**^  in  total  column. 

2.  A gradual  decrease  of  about  25  to  30%  between  spring  and  fall. 

3.  I^urnat  oscillation  observed  with  systematic  changes  of  30  to  40%  which  show  a clear 
solar  flux  dependence  on  both  a diurnal  and  annual  basis. 


1-106 


IHE  STRATOSPHERE  1961:  THEORY  AND  MEASUREMB^TS 


Table  1-17 

Contribution  of  Each  Altitude  Interval  to  tlw  Integrated  Column 


Altitude 

Interval 

Contribution 
To  Total 
Integral 

Fraction 
Of  Total 
Integral 

Integrated 

Cdumn 

Denrity 

0-5 

1.5x10^2 

0.02 

15-30 

34  X 10^2 

0.05 

3045 

3.2x10^^ 

0.46 

6.9  X 10*^cm‘2 

45-60 

1.9x10^3 

0.28 

6075 

8.8x10^2 

0.13 

75-90 

4.3  X 10*2 

0.06 

Table  1-18 

Summary  of  the  Companion  Between  the  Integrated  In  Situ  Resulti  from  Balloon  and 
Rocket  Data  and  the  Ground-Baaed  Total  Cmiimn  (MMervation 


Composite  of  the  In  Situ  HO  Data 

Ground-Based  Total  Column  HO 

6.9x  10*^cm*2 

5.7  X 10*^  cm’2 

Uncertainty  ± 40% 

Uncertainty  ± 25% 

Conditions:  Midday,  32*N 

Conditions:  Midday,  40*N 
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The  observed  and  predicted  diurnal  behavior  of  total  column  HO  is  summarized  in  Figure  1-91.  A 
representative  data  set  is  shown  in  Figure  1*92;  indicating  the  sciRter  about  the  mean. 


A reanalysis  of  the  December  1976  data  (from  Burnett,  1977),  using  more  advanced  methods  for 
baseline  determination  established  a mean  of  3.1  * 0.6x10'!^  cm~^  for  midday.  Figure  1-93  shows 
the  evolution  of  the  monthly  mean  from  December  1976  to  December  1979.  There  is  an  apparent 
increase  of  approximately  Ixio'*^  cm’^  per  year  during  that  3-year  interval.  Correlating  such  an 
increase  to  the  11  year  solar  cycle  was  suggested  by  Burnett  and  Burnett  (1981)  but  such  a 
dramatic  change  seems  difficult  to  rationalize  and  will  require  mem  extensive  data  coverage  and  a 
far  niK>re  thorough  analysis  of  solar  cycle  flux  variations  with  an  associated  mechanistic 
hypothesis  before  it  can  be  acceiHed. 


The  seasonal  behavior  in  the  total  column  of  HO  is  a recurring  and  extremely  interesting  feature 
of  the  data  in  Figure  1-93.  There  is  a clev  suggestion  of  a springtime  maximum  in  HO  and  a fail 
minimum.  One  very  important  advantage  to  be  gained  from  a more  extensive  geographic  coverage 
with  such  ground-based  observations  would  be  an  examination  of  this  seasonal  behavior  as  a 
function  of  latitude.  The  correlation  of  this  dependence  with  other  constituents  such  as  O3, 
H2O,  NO2  and  CIO  would  be  significant. 


An  unexpected  and  as  yet  unexplained  aspect  of  the  i^und-based  observations  involves  the 
appearance,  particularly  in  the  1978  summer  datn  set,  of  a zenith  angle  dependence  (Figure  1-94). 
There  is  a distinct  minimum  in  the  observ^  column  following  local  noon.  The  early  afternoon 
decrease  shows  an  abrupt  drop  of  4-5x10^^  cm"^  with  a subsequent  increase  of  3.5x10^^  cm“^ 
followed  by  the  conventional  decrease  toward  sunset.  The  authors  believe  that  it  is  not  an 
artitact  of  the  data  reduction  or  of  instrumental  performance.  The  oscillatory  behavior  shown  in 
Figure  1-94  persisted  into  the  late  summer  of  1978  but  was  not  apparent  in  the  1979  data  set 
which  was  taken  with  the  same  instrument  at  the  same  site  using  the  same  data  reduction 
method.  There  was  also  a systenruitic  progression  of  the  position  of  the  maximum  and  minimum 
through  the  1978  season. 


In  summary,  an  analysis  of  balloon  and  rocket  data  of  HO  in  the  stratosphere  and  ground-based 
total  column  observations  leads  to  the  following  conclusions: 


1.  There  is  substantial  agreement  among  the  three  techniques;  the  Jn  situ  data  provides  a 
consistent  picture  of  the  altitude  dependence  of  HO  between  30  and  TO^lun  implying  a peak 
concentration  at  40  km  of  2.4x10^  cm~^  and  a total  column  density  at  midday  of  6.9x10^^ 
cm"2.  The  midday  total  column  abundance  determined  from  the  ground  is  5.7x10^^  cm"^  as 
summarized  in  Table  1-18. 

2.  There  is  a systematic  increase  of  approximately  1x10*^  cm"^  per  year  between  December  1976 
and  [December  1979  and  a suggestion  of  a yearly  spring  maximum  and  fall  minimum.  The 
spring  to  fall  decrease  is  approximately  30%. 

3.  It  is  clear  that  c knowledge  of  the  HO  distribution  between  15  and  30  km  is  of  the  highest 
priority.  This  need  results  not  only  from  the  fact  that  HO,,  becomes  an  increasingly 
important  component  of  the  odd  oxygen  destruction  rate  below  30  km  but  also  because  the 
photochemical  partitioning  of  chlorine  and  nitrogen  depend  00  the  HO  concentration. 

Hydroperoxyl  Radkal  (HO2) 

Two  techniques  have  thus  far  been  used  for  the  detection  of  HO2  in  the  stratosphere: 


Nv  - N(sec  X ) (10'*  cm'*) 
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• Balloon-borne  cryogenic  matrix  isolation  followed  by  laboratory  detection  of  HO2  by  Electron 
Paramagnetic  Resonance  methods.  The  experiment  is  carried  out  by  drawing  a stratospheric 
sample  into  an  evacuated  flask,  collecting  the  sample  on  a 'cold  finger*  at  a given  balloon 
float  altitude^  closing  the  flask  and  returning  it  to  the  laboratory  for  analysis  (Miheicic  et 
ai.,  1978). 

• Balloon-borne  chemical  conversion  followed  by  molecular  resonance  fluorescence  detection. 
HO2  is  converted  to  HO  by  the  rapid  bimol^ular  reaction  HO2  ♦ NO  HO  ♦ NO2.  The 
product  HO  is  then  detected  by  molecular  resonarnre  fluorescence  using  a microwave 
sustained  plasma  discharge  larr^  to  induce  fluorescence  in  the  (0-0)  band  of  the  A^  E - x% 
transition  at  309  nm.  Chemical  conversion  and  detection  is  done  within  a chamber  lowered 
through  the  stratosphere  at  a controlled  velocity  on  a parachute  (Anderson,  1980;  Anderson 
et  al.,  1981). 

A total  of  four  HO2  observations  have  appeared  in  the  literature,  one  by  the  matrix  isolation 
technique  and  three  by  the  resonance  fluorescence  method.  Those  observations  are  summarized 
In  Table  1-19  in  chronological  order. 

As  noted  in  Table  1-19,  the  sample  collection  of  Mihelcic  et  al.  (1978)  was  initiated  immediately 
following  sunrise  at  a solar  zenith  angle  of  85*.  The  conversion  to  midday  for  comparison  with 
models  and  other  observations  was  carried  out  using  the  diurnal  calculation  of  Logan  et  al. 
1978.  That  correction  factor  is  significant  - a factor  of  two  - and  attempts  to  account  for  the 
period  over  which  the  sample  was  collected. 

The  data  summarized  in  Table  1-19  are  presented  graphically  in  Figure  1-95.  There  is  significant 
scatter  evident  in  those  observations  which  should  not  be  attributed  to  atmospheric  variability 
until: 

• The  signal-to-noise  ratio  of  the  observations  is  improved; 

• Simultaneous  observations  of  photochemically  related  species  such  as  HO  or  H2O 
demonstrates  a correlation  in  concentration  fluctuations. 

Atomic  Hydrogen  (H) 

There  are  no  reported  observations  of  atomic  hydrogen  in  the  stratosphere  either  direct  or 
indirect,  nor  have  any  upper  limits  been  reported. 

Hydrogen  Peroxide  (H2O2) 

The  only  reported  observation  of  H2O2  is  the  tentative  result  reported  by  Waters  et  al.  (1981) 
using  the  Balloon-Borne  Microwave  Limb  Sounder  (BMLS)  io  observe  the  purely  rotational 
emission  of  H2^2  ^ CHz.  All  aspects  of  the  experimental  hardware  and  uncertainties 

analysis  are  identical  to  that  discussed  in  the  ELMLS  section  of  the  CIU  discussion. 

ODD  CHLORINE 
Chlorine  Oxide  (CIO) 

Four  iiiethods  have  been  successfully  applied  to  the  detection  of  stratospheric  CIO* 

I.  Balloon-borne  in  situ  resonance  fluorescence  methods  (Anderson  et  al.,  1977;  Anderson  et 
al.,  1980;  Welnstock  et  al.,  1981). 
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TiUe  1-19. 

Suiraiwry  of  Experimental  Parameten  for  the  HO2  Obaervatioia 


Ltunch 

Date/ 

Utl- 

tule 

SoUr 

Zenith 

An^ 

Reference/ 
Experimen- 
tal Uncer- 
tainty 

Observed  Data 

Altitude(km) 

31.8 

8/8/76 

53*N 

85* 

Mibelck 
et  at., 
1978 
Factor 
of  three 

Observed 

HO2  mixing 
ratio 

Corrected 
to  midday 

1x10-10 

Altitude<km) 

37 

35 

33 

31 

29 

9/20/77 

41* 

Anderson 

etal., 

1980 

±45% 

Observed 

resonance 

fluorescence 

SHO2 

!7 

9 

13 

8 

2 

HO2  mixing 
ratio  [HO2]  / 
[Ml 

7Jxl0-t0 

1.84x10-10 

SJxlO-ll 

<8x10-11 

<7x10-11 

Detection 

threshold 

1.1x10*10 

8.2x10-1 1 

7.0x10-11 

7.6x10-11 

6.4x10-11 

Altitudefkm) 

37 

35 

33 

31 

29 

10/25/77 

32"N 

45* 

Anderson 

etal., 

1980 

x45% 

Observed 

resonance 

fluorescence 

SHO2 

3 

3 

9 

5 

- 

HO2  mixing 
ratio  [HO2I  / 
[Ml 

3.6x10-10 

3.7x10-10 

6.9x10-10 

2.1x10-10 

<1.0x10-10 

Detection 

threshold 

1.6x10-10 

1.5x10-10 

1.5x10-10 

1. 0x10-10 

1.0x10-10 

Altitude(km) 

37 

35 

33 

31 

29 

12/2/77 

32*N 

50° 

Anderson 
et  al„ 
1980 
± 45% 

Observed 

resonance 

fluorescence 

SHO2 

33 

25 

20 

22 

16 

HO2  mixing 
ratio  [HO2I/ 
[Ml 

3.4x10-10 

2Jxl0-10 

4.2x10-10 

3.4x10-10 

1.7x10-10 

Detection 

threshold 

8.1x10-11 

6.0x10-11 

4^x10-11 

8.8x10-11 

8.7x10-11 

altitude  (koil 
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Figure  1-95.  Vertical  profile  of  HO2  balloon-borne  resonance  fluorescence  measurements 
(Anderson  et  al.,  1981). 

2.  Balloon-borne  laser  heterodyne  radiometry  for  the  remote  observation  of  CIO  at,  and 
immediately  following,  sunset  (Menzies,  1979;  Menzies  et  al.,  1961). 

3.  Ground-based  mm-wave  emission  spectroscopy  of  the  CIO  total  column  at  204  GHz  (Parrish 
et  al.,  1981). 

4.  Balloon-borne  mm-wave  emission  spectroscopy  of  CIO  at  204  GHz  (Waters  et  al.,  1961). 
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Although  a dear  consensus  has  yet  to  emerge  on  mwiy  crucial  aspects  of  stratospheric  chbrine 
chemistry^  significant  advances  in  our  perception  of  several  first  order  questions  has  evolved  from 
the  comparison  of  results  obtained  with  the  techniques  dted  above.  In  the  following  sections, 
results  from  those  independent  investigations  are  reviewed  in  order  to  first  isolate  those  points 
upon  which  agreement  has  been  reached  «>d  second,  to  identify  the  key  questions  which  remain 
unanswered. 

Discussion  of  Analytical  Techniques 

Balioon-borne  in  situ  resonance  fluoresence.  The  in  situ  CIO  results  reported  here  employed  the 
detection  of  ^omic  chlorine  using  ^05/2  " ^^i/2  transition  of  atomic  chlorine  at  118.9  nm 
following  the  conversion  of  CIO  to  Ci  using  the  rapid  bimoiecular  reaction: 

CIO  ♦ NO  Cl  ♦ NO2 

Detection  is  accomplished  within  a hollow,  aerodynamically  shaped  *pod*  lowered  through  the 
stratosphere  at  a controlled  rate  (40-1U0m/min)  by  a stabilized  parachute  deployed  from  a 
balloon  over  the  stratopause  (44  km).  The  high  velocity  flow  thus  passes  unrestricted  through  a 
detection  chamber  within  the  pod.  This  isolates  the  detector  from  the  beam  of  resonant  photons 
used  to  induce  fluorescence  and  from  the  radiation  environment  of  the  stratosphere  and 
contains  the  fbw  so  that  controlled,  chemical  conversion  can  be  effected  within  the  flowing 
sample. 

The  observed  detector  count  rate  from  Cl  atom  fluorescence,  under  optically  thin  condition;: 
appropriate  to  these  experiments,  is  given  by  the  expression 

Sci  ={yf(Ma(X)  dX^  I eTn|£lClj  (21) 

where  the  integral  is  the  convolution  of  the  lamp  flux  and  the  atomic  absorption  cross 
section;  c is  the  detector  collection  efficiency,  equal  to  the  ratio  of  the  photons  collected  to  the 
total  number  scattered  from  a point  within  the  region  defined  by  the  intersection  of  the  lamp 
beam  and  the  detector  field  of  view;  T is  the  optical  transmission  of  the  detection  optics;  n is 
the  quantum  efficiency  of  the  detector;  t is  the  length  of  the  lamp  beam  intercepted  by  the 
detector  field -of -view;  and  (Cll  is  the  atomic  chlorine  density.  For  a more  detailed  discussion 
of  the  optical  geometry  see  Anderson  et  al.  (1900).  Note  that  for  a given  larr^  flux  F the 
right-hand  side  of  (21)  is  a constant 

C(F)  = jyV(X  )o(X)  dx|{eTn}t  (22) 

tirnes  the  Cl  atom  density,  so  that 


Sci  =C(F)[CI) 


(23) 


Three  independent  methods  are  used  to  determine  C(F); 

1.  A chemical  technique  in  which  a known  Cl  atom  density  is  forrned  in  a flowing  sample  and 
^chem(^^  determined  from  (23)  given  the  count  rate  S([;|  resulting  from  that  Cl 
concentration. 
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2.  A photometric  technique  in  which  each  quantity  on  the  right-hand  side  of  (22)  is  measured 
and  the  product  then  calculated  to  determine  Cp)^Qt(F). 

3.  An  absorf^ion  technique  in  which  the  fractional  absorption  of  radiation  at  134.7  nm  (^^3/2  ' 
^^3/2)  measured  across  a flowing  sample  which  is  simultaneously  probed  with  the  flight 
instrument  so  that  (23)  can  be  used  to  determine  (Erectly  the  proportionality  factor  Cn^^fF) 
= L S(^|/(CI],  where  t Sq  is  the  difference  in  the  count  rate  determined  in  the  absence  wrd 
presence  of  a measured  amount  of  Cl  in  the  flowing  sample. 

A brief  summary  of  the  individual  quantities  contributing  to  the  experimental  uncertainties  for 
each  method  is  given  in  Table  1-20: 


Table  1-20 

Summary  of  the  Major  Experimental  Uncertainties  in  the  Determination  of  Cchem,  f^photo,  Cgbs- 


Quantity  and  (Measured  Value) 

(EUi2)l/2 

Method 

Value  for  C(F) 

When  Appropriate 

% 

Chemical 

Cchem(F)=  14x10-’' 

Concentration  of  injected  NO  (variable) 

±10 

±25 

(c/s)/(atm/cm3) 

Effect  of  uncertainty  in  concentration  of 

±15 

residual  O3  (see  text) 

Ratio  of  pressure  to  total  flow  in  cali- 

±10 

bration  (4x10-5  to  4x10-4  mbar/(scc/s) 

Variation  in  Doppler  temperature  of 

±12 

lamp  emission  line  (800±200K) 

Photometric 

Cphoto(F)  = 2.1x10-7 

Line  center  absorption  cross  section  at 

±30 

±50 

(c/s)/(atm/cm^) 

1 18.9  nm  ( Oq=  3.9x10-15  cm2) 

Absolute  lamp  flux  (F(2D5/2)  = 

±20 

73x1010  phot/s) 

Overlap  of  lamp  emission  line  and 

±12 

absorption  cross  section  of  atom 

(800±200K) 

Detector  quanhim  efficiency  (n  = 0.17) 

±15 

Detector  collection  efficiency 

±20 

(c=  1.2x  10-5) 

Optical  transmission  (T  - 0.08) 

±10 

Scatterina  length  (1-1.0  cm) 

±20 

Absorption 

Cabs(F)=  1.5x10-7 

Absorption  cross  section  at  134.7  nm 

±25 

±28 

(c/s)/(atm/cm5) 

(Oq  = 5.2x10-15  cm2) 

Doppler  width  of  lamp  emission  line 

±12 

C is  the  calibration  factor 
c is  counts  from  the  detector 
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While  the  uncertainty  associated  with  the  photometric  technique  is  dearly  the  largest,  that 
determination  provides  an  extremely  important  upper  limit  to  the  absolute  sensitivity  of  the 
experiment  so  that  while  the  method  is  not  used  on  a flight-by-fligitt  basis  to  establish  the 
absolute  calibration,  it  is  a key  piece  of  evidence  linking  observed  count  rates  to  absolute 
sensitivities  based  on  'first  principles.'  The  reason  Cpi^Qt  is  somewhat  larger  than  C^hem 
^abs  Doppler  width  of  the  lamp  emission  line  is  somewhat  greater  than  the  Doppler 

wi^h  of  the  atomic  absorption  cross  section  at  stratospheric  temperatures. 

In  summary,  the  uncertainty  in  the  absolute  CIO  concentrations  cited  in  this  document  is  *30%. 

Bcdloon-Bome  Microwave  Limb  Sounder  (BMLS) 

This  instrument  is  tuned  to  measure  thermal  emission  from  the  11/2-9/2  CIO  rotational  transition 
at  204.352  GHz.  Multiple  filter  banks  perform  special  analysis  of  the  signal  over  an  interval  of 
about  300  MHz.  The  interval  is  encompassed  b/  nine  32  MHz  resolution  filters,  thirteen  8 MHz 
resolution  filters  and  thirteen  2 MHz  resolution  filters.  Within  the  bank,  the  set  of  filters  with  a 
given  resolution  is  centered  at  the  line  frequency;  adjacent  filters  have  curves  which  overlap  at 
approximately  their  half  power  points.  This  filter  arrangement  provides  much  greater  detail  cbse 
to  line  center  while  simultaneously  detecting  the  emission  background  over  a significant  spectral 
interval  to  either  side  of  line  center.  The  first  heterodyne  down  conversion  is  to  4 GHz  inter- 
mediate frequency. 

The  antenna  system  is  an  offset  Cassegrain  with  a 50  cm  diameter  main  reflector  and  measured 
beamwidth  (full  angular  width  between  half  power  points)  of  0.3*.  The  antenna  beamwidth 
corresponds  to  a vertical  range  of  less  than  3 km  at  the  tangent  point  of  the  observations.  A 
flat  mirror  in  front  of  the  main  reflector  scans  the  antenna  beam  through  the  atmospheric  limb 
for  profile  measurements.  This  mirror  is  programmably  stepped  through  64  discrete  positions 
during  the  measurements.  A mirror  near  the  antenna  system  focus  chops  the  input  to  the 
radiometer  at  4 Hz  between  the  limb  radiation  recovered  by  the  antenna  and  a 50*  elevation  sky 
reference.  The  switching  mirror  also  chops  the  radiometer  input  between  a black  body  target  and 
sky  reference  for  inflight  absolute  calibration.  The  absolute  calibration  accuracy  is  5%  or  better. 

Pointing  of  the  instrument  in  the  vertical  plane  (which  determines  the  accuracy  of  the  reported 
altitudes)  was  checked  by  measuring  the  abrupt  increase  in  emission  (due  to  wings  of  the  water 
vapor  lines)  at  the  tropopause  whose  height  was  obtained  from  measurements  of  nearby 
radiosonde.  The  pointing  determined  in  this  way  agreed  within  *0.1*  of  the  absolute  pointing  to 
which  the  BLMS  had  been  prealigned.  This  uncertainty  is  due  to  uncertainties  in  the  water  vapor 
distribution  at  the  tropopause  and  corresponds  to  less  than  1 km  vertical  uncertainty  in  the 
stratospheric  layers  to  which  the  instrument  points  for  profile  measurenoents. 

Waters  et  al.  (1961)  cite  an  overall  experimental  uncertainty  of  *25%  for  their  reported 
observations,  a number  based  on  the  above  considerations,  background  subtraction  and 
experimental  signal  to  noise  ratio. 

Ground-Based  Microwave 

Total  column  emission  results  of  Parrish  et  al.  1961  employed  a super  heterodyrte  receiver 
(Carlson  et  al.,  1978)  in  conjunction  with  a filterbank  spectrometer  of  256  channels,  each  with  1 
MHz  passband.  The  receiving  antenna  limits  the  sky  view  to  a symmetric  cone  with  a full  angular 
width  of  6.3*  measured  at  the  0.5  power  point  and  15®  at  the  10"2  power  level.  The  observing 
procedure  used  a beam  deflecting  mirror  which  causes  rapid,  repetitive  switching  of  the  antenna 
beam  between  (a)  the  low  elevation,  long  stratospheric  path  length,  and  (b)  the  reference,  high 
elevation  input  to  the  detector.  The  difference  between  those  two  quantities  normalized  to  the 
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reference  signal(s),  is  determined  for  each  channel  on  every  cycle  of  the  chopper  and 
accumulated  as  data  stored  in  10  minute  blocks.  The  signal  strength  is  expressed  as  a brightness 
temperature.  The  relation  between  radiated  intensity  per  unit  band  width  I and  temperature  T 
is  given  in  the  Rayleigh-Jeans  Limit  by  Iv  *■  2kT/X^  where  X is  the  wavelength  and  k is 
Boltzmann's  constant. 

Parrish  et  al.  (1961)  chose  to  present  their  intensity  results  in  the  form  of  the  antenna 
temperature  T^  which  is  the  Rayleigh-Jeans  temperature,  corresponding  to  the  intensity  that 
would  be  observed  if  the  antenna  were  pointing  toward  the  zenith  with  no  attenuation  of  the 
line  resulting  from  tropospheric  H2O.  The  key  transformation,  the  conversion  from  the  observed 
dimensionless  quantity  described  above,  2e  |(a)  - (b)  | /(b),  to  T2X  in  temperature  units  follows 
from  an  analysis  of  the  observing  procedure,  the  geometry  of  the  experiment,  and  frequent 
measurements  of  instrumental  noise  temperature  and  atmospheric  opacity. 

The  spectral  line  shape  is  the  final  critical  parameter  needed  to  infer  absolute  concentrations 
from  the  observed  brightness.  For  rotational  transitions  in  CIO,  the  spectral  line  shape  is 
dominated  by  pressure-broadening  below  an  altitude  of  70  km.  Since  pressure  broadening  is  a 
(reasonabiy)  well  known  function  of  altitude,  an  observed  peak  intensity  and  iine  shape  contains 
information  about  the  total  quantity  and  vertical  distribution  of  CIO. 

In  the  Parrish  results,  temperature  and  pressure  profiles  from  the  1976  U.S.  Standard 
Atmosphere  were  used  and  the  measured  collisional  parameters  (Brinza  et  al.,  1980)  of  3.5 
MHz/mbar  and  for  the  204  GHz  CIO  line  were  used.  Hyperfine  splitting  has  been  included 

in  the  line  shapes  and  the  amplitude  takes  into  account  the  75%  isotopic  abundance  of  ^^CIO. 

Parrish  et  al.  (1981)  report  a systematic  calibration  error  of  25%. 

Data  Presentation  and  Comparison  of  Results 

There  are  10  in  situ  observations  at  32^  latitude.  The  altitude  resolution  of  those  experiments  Is 
equal  to  or  better  than  1 km  and  the  observations  are  reported  with  that  resolution.  Figure  1-% 
reveals  that  the  in  situ  data  falls  in  two  classes:  eight  of  the  ten  observations  fall  within  a well 
defined  envelope  with  excursions  of  ±50%  about  the  observed  mean.  There  is  no  clear  trend  with 
season  but  there  is  a clearly  defined  gradient  with  altitude. 

At  40  km  the  observed  range  is  4-15x10"^^,  at  35  km  1.5-7x10^^,  at  30  km  5.8-28x10"^\  at  25  km 
8-56x10"^^.  Given  the  cited  exjjerimental  uncertainty  of  ±30%,  the  observed  variadons  among  the 
individual  profiles  implies  an  element  of  atmospheric  variability.  There  is  no  distinctive  trend 
with  season  although  the  summer  and  early  fall  data  are  above  the  mean  defined  by  the 
'envelope’  containing  the  eight  observations  in  Class  1 while  the  winter  observations  tend  to 
fall  below  that  mean.  The  second  class  of  observations  includes  the  two  July  profiles  which 
clearly  fall  outside  the  envelope;  the  first  on  July  28,  1976  which  reached  a peak  mixing  ratio  of 
1.3  ppb  in  a broad  altitude  interval  between  32  and  38  km,  the  second  of  which,  observed  on 
July  14,  1977,  recorded  a peak  mixing  ratio  of  8 ppb  at  40  km.  While  the  observation  of  July  28, 
1976  is  not  seriously  in  conflict  with  the  other  observations,  the  July  14,  1977  measurement  is. 

Also  shown  in  Figure  1-96  are  the  microwave  emission  data  of  Waters  et  al.  (1981)  who  report 
values  at  36  and  31  km  and  an  upper  limit  at  23  km.  Those  data  were  obtained  in  February  at  the 
same  latitude  as  the  in  situ  data.  The  initial  comparison  of  these  independent  techniques 
impiies  agreement  both  with  respect  to  absolute  concentration  and  with  respect  to  mixing  ratio 
gradient. 
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The  recently  reported  ground-based  microwave  emission  data  (Parrish  et  al.,  1981)  were  obtained 
between  10  a*m.  and  4 p.m.  on  17  separate  days  (between  January  10,  1980  and  February  18, 
1980)  at  4W  latitude  from  the  Five  College  Radio  Astronomy  Observatory,  Amherst,  Mass.  Such 
ground-based  observations,  which  employ  purely  rotational  transitions,  are  affected  by 
collisional  (pressure)  broad^ing  of  approximately  4 MHz/mbar  at  stratospheric  pressures.  Low 
resolution  altitude  information  can  be  extracted  from  the  emission  line  shape,  however,  one 
must  have  a first  order  estimate  of  the  shape  of  the  emitting  layer  in  order  to  obtain  the 
absolute  column  concentration  for  the  observed-brightness  temperature  as  a function  of 
frequency.  In  practice  however,  the  balloon-borne  observations  have  provided  the  information  on 
the  layer  shape  and  thus  absolute  column  measurements  can  be  extracted.  It  should  be  noted, 
however,  that  even  without  knowledge  of  the  shape  of  the  emitting  layer,  some  information  on 
absolute  concentration  can  be  extracted. 

Parrish  et  ai.  (1981)  have  taken  the  mean  of  seven  in  situ  profiles,  excluding  the  last  profile 
obtained  on  September  26,  1979,  scaled  those  results  by  0.8,  integrated  the  signal  which  would 
have  resulted,  and  then  overlayed  that  profile  with  the  observed  brightness  as  a function  of 
frequency.  The  results  are  shown  in  Figure  1-97. 

The  first  conclusion  to  be  drawn  is  that  substantial  agree.nent  exists  with  respect  to  absolute 
magnitude  since  both  techniques  quote  uncertainties  of  ±25%.  However,  it  must  be  noted  that 
the  ground-based  observations  were  done  at  a iatitude  10^  irorthward  of  the  balloon 
measurements  and  are  confined  to  a relatively  short  period  of  time  in  mid-winter.  A broader 
data  base  and  observations  done  in  the  same  latitude  band  are  clearly  needed.  Parrish  et  al. 
(1981)  report  that  no  single  d;^  of  observation  exceeded  the  average  by  more  than  a factor  of  2.5 
and  tentative  evidence  for  variations  on  the  order  of  a factor  of  two  in  total  CIO  column  density 
occurred  on  a time  scale  of  a few  days. 


Figure  1-97.  An  overlay  of  the  ground-bated  mm-wave  emittion  data  of  Parrith  et  al.  (1981)  and  the  signal 
which  would  result  from  an  integral  of  the  mean  of  the  balloon-borne  in  situ  observations 
multiplied  by  0.8.  The  mean  was  taken  excluding  the  28  July  1976  and  14  July  1977  data. 
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An  inspection  of  Figure  1-97  indicates  that  the  millimeter  wave,  emission  line  shape  is  consistent 
with  the  distribution  determined  in  situ. 

It  is  instructive  to  compare  the  ground-based  microwave  emission  data  with  the  mean  of  the  in 
situ  data  including  the  26  July  1976  observation  which  is  shown  in  Figure  1-96.  No  scaling  factor 
is  included. 

The  ground-based  measurements  clearly  contribute  to  the  question  of  uncertainties  in  absolute 
calibration  and  the  occurrence  of  localized  enhancements  as  indicated  in  Figures  1-97  and  1-96.  A 
significant  impediment  to  the  general  deployment  of  this  method  is  the  severe  attenuation  sft  204 
CHz  resulting  from  atmospheric  water  vapor,  restricting  the  observing  period  to  winter 
conditions  at  northern  latitudes,  whereas  the  large  excursions  reported  in  CIO  have  been 
observed  only  at  mid-latitudes  in  summer. 

In  summary  the  following  points  can  be  made: 

Altitude  Profile 

1.  At  32^  iatitude  the  mean  of  the  bailoon -borne  in  situ  resonance  fluorescence  technique  and 
the  balloon-borne  millimeter  wave  emission  data  are  in  substantial  agreement  with  respect  to 
both  the  shape  and  absolute  magnitude  of  CIO  concentration  throughout  the  entire  region  of 
observation  (25  to  36  km). 

2.  The  ground-based  millimeter  wave  data,  although  obtained  at  a latitude  10*  northward  of  the 
balbon  observations  and  during  the  winter,  is  not  Inconsistent  with  the  shape  of  the  in  situ 
observation  and,  although  approximately  2U%  lowet  in  absolute  concentration,  falls  within 
the  cited  uncertainty  of  the  observational  technique. 


Figure  1-98.  Comparison  between  the  microwave  total  column  emission  and  the  in  situ  data  excluding  the 
July  14,  1977  obsenration. 
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Problems 

1.  A cross  comparison  of  the  balloon-borne  methods  simultaneously  observing  the  same  air 
mass  is  of  highest  priority  to  eliminate  any  questions  about  intercalibration. 

2.  A continuous  data  set  on  CIO  taken  from  the  ground  in  the  vicinity  of  32^  would  provide 
crucially  important  continuity  in  the  CIO  total  column  density  and  would  define  my 
significant  excursion  from  the  mean  such  as  those  reported  by  the  in  situ  method  in  July 
1976/1977. 

3.  Extension  of  the  CIO  profile,  with  good  altitude  resolution  (1  to  2 km)  and  signal-to-noise 
(S/N  > 10),  down  to  the  tropopause  would  firmly  establish  the  gradient.  It  is  also  essential 
to  decrease  the  experimental  uncertainty  of  the  in  situ  measurements  to  tIO  to  15  X* 

Seasonal  Variation 

Although  there  is  an  indication  of  some  seasonal  dependence  in  CIO,  the  data  base  is  clearly 
inadequate  to  draw  any  clear  conclusions.  This  question  should  be  addressed  both  by  an 
improvement  in  the  accuracy  and  precision  of  the  balloon-borne  methods  md  by  the  more 
extensive  deployment  of  ground-based  methods.  Only  when  those  are  done  in  concert  will  an 
adequate  definition  of  this  important  point  emerge. 

Latitude  Variation 

There  is  virtually  no  information  on  the  critical  question  of  latitude  variation.  The  balloon-borne 
observations  are  all  carried  out  at  32‘r^i  and  the  ground  based  data  at  42*N.  As  will  be  noted  in 
the  subsequent  sections,  if  the  steep  gradient  in  CIO  be'ow  the  peak  is  characteristic  of  both 
mid-and  low-latitude  conditions,  the  interpretation  of  chlorine  induced  depletion  will  be 
significantly  simpler. 

Hydrogen  Chloride  (HCI) 

Introduction 

HCI  in  the  stratosphere  has  been  observed  by  three  different  remote  sensing  techniques  and  one 
in  situ  method.  Most  of  the  presently  available  data  on  the  vertical  profile  of  concentration  come 
from  balloon-borne  observations  made  at-^32*N  latitude  (Texas  and  New  Mexico);  there  are,  in 
addition,  single  profiles  taken  at  3(fS  (Australia)  and  latitude  (Alaska).  The  profile 

measurements  cover  the  altitude  range  from  14  to  40  km,  and  are  supplemented  by  values  for  the 
total  column  abundance  in  the  upper  stratosphere.  There  is  insufficient  data  from  which  to 
discern  any  seasonal  variability,  and  the  location  of  the  altitude  of  peak  relative  abundance  is 
not  clearly  established.  The  available  data  cover  the  period  from  17/5  to  1960. 

Discussion  of  Remote  Sensing  Techniques 

The  remote  sensing  methods  include  several  quite  different  techniques:  spectroscopy  at  visible 
and  infrared  wavelengths,  by  absorption  and  emission;  broadband  and  correlation  filter 
radiometry  (IR,  principally  in  emission);  laser  heterodyne  radiometry  and  Lidar;  microwave 
sounding.  The  observations  are  made  from  the  ground,  from  aircraft,  balloon  and  rocket 
platforms,  and  from  satellites. 

The  fixed-frequency,  very  high  resolution  methods  (which  include  microwave  sounding  and  laser 
heterodyne  techniques)  are  able  to  measure  the  detailed  line  shape  of  a constituent  of  interest; 
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by  i^/propriate  deconvolution  methods  the  distribution  of  the  constituent  above  the  cH)servation 
base  can  be  determine^  with  vertkd  resolution  approximately  equal  to  the  scale  height*  The 
distribution  can  be  obuined  even  f.om  a singhs  observation  at  a zenith  angle  of  less  than  %P.  By 
contrast,  the  'incoherent*  methods  (e.g»,  high-resolution  spectroscopy,  correlation  radiometry) 
derive  the  required  altitude  wei^ting  by  recording  sequences  of  mr?:  rements  at  angles  greater 
than  Vt  (limb  techniques)  and  deo>nvolving  the  data  using  a var^y  of  inversion  procedures 
(often  referred  to  as  'onion-peel*  methods)*  For  these  methods,  therefore,  the  maxiiiHim  altitude 
to  which  the  concentration  profile  can  be  determined  is  the  altitude  of  the  observation  platform* 

A second  important  distinction  among  the  remote  sensing  techniques  can  be  made  between 
emission  and  absorption  measurements*  Most  of  the  high-resolution  spectroscopic  observations, 
which  hawi  provided  data  tor  a large  number  of  the  infrared  active  constituents  of  the  upper 
atmosphere,  have  been  made  in  the  absorption  mode;  such  measurements  use  the  Sun  as  the 
radiation  source,  the  geometric  weighting  being  obtained  by  recording  spectra  during  sunrise  or 
sunset*  A major  disadvantage  of  absorption  spectroscopic  or  radiometric  methods  is  thus  the 
fact  that  measurements  can  only  be  made  at  two  rather  restricted  times  of  day.  This  aspect 
presents  serious  difficulties  in  the  case  of  the  diurnally  varying  species,  especially  those  whose 
concentrations  vary  rapidly  in  response  to  solar  insolation  changes*  The  latter  restriction  does 
not  apply  of  course,  to  measurements  of  the  total  column,  and  its  variation  with  latitude  and 
season,  (i*e*,  where  the  vertical  cttstribution  is  not  required)*  Against  this,  the  absorption 
measurements  are  not  dependent  (to  first  order)  on  the  detailed  knowledge  of  the  temperature 
distribution  along  the  line-of-sight  of  the  observation,  as  is  the  case  for  measurements  made  in 
emission.  In  the  latter  (emission)  cas^  the  errors  resulting  from  uncertainty  in  temperature 
depend  on  detailed  factors  related  to  the  distribution  of  the  spec;?«  being  measured,  and  can 
become  large  under  circumstances  where  the  thermal  contrast  is  small  over  the  region  of  the 
atmosphere  where  the  spectral  lines  are  formed. 

All  of  the  remote  methods  are  subject  to  some  degree  to  errors  arising  from  uncertainty  in  the 
observational  geometry,  but  this  is  nK>re  particularly  the  case  for  the  limb  techniques.  As  a 
result  of  the  strong  dependence  of  the  line-of-sight  airmass  on  zenith  angle  for  angles  greater 
than  90*,  errors  in  the  observation  altitude  and  zenith  angle  can  introduce  errors  in  the  deduced 
molecular  column  density  of  as  much  as  30%.  The  effects  of  finite  beam  size  and  uncertainty  in 
the  detailed  instrumentz!  field-of-view  further  contribute  to  this  source  of  error.  A second 
factor  convnon  to  all  of  the  remote  methods  is  the  error  introduced  by  errors  in  the  intrinsic 
molecular  line  or  band  parameters  for  the  transitions  being  observed.  For  the  better-studied 
molecules  (CH4,  N2O,  H2O  for  example)  such  errors  should  not  now  exceed  5%.  However,  the 
more  recently  emerging  species  of  interest,  and  particularly  those  that  ate  reactive  under 
laboratory  conditions  (e.g.,  HOCI),  may  not  be  quantitatively  understood  to  better  than  50%.  A 
related  potential  source  of  systernatic  differences  that  may  arise  between  in  situ  and  remote 
measurements  of  a given  molecular  constituent  is  lack  of  knowledge  of  the  detailed  line  shapes 
under  collision-broaderred  conditions.  I>epending  on  the  size  of  the  depari.ures  from  ideal 
‘pure-Lorentz*  shape,  an  error  from  this  source  can  introduce  a skew  towards  high  or  low 
concentrations  with  respect  to  the  true  values  of  progressively  lower  tangent  height  attitudes  of 
observation.  In  most  cases  systematic  errors  arising  from  such  factors  related  to  radiative 
transfer  assumptions  in  the  data  reduction  process  should  not  exceed  5%. 

A characteristic  of  remote  sensing  spectroscopic  methods  is  their  high  specificity;  provided 
adequate  laboratory  calibration  has  been  carried  out,  there  is  usually  no  ambiguity  associated 
with  tne  identification  and  measurement  of  species.  Against  this,  the  spatial  resolution  of 
remote  sensing  techniques  is  very  coarse  (kilometer)  in  comparison  with  in  situ  sampling 
methods  (meters).  Limb  observations,  for  exar<>le,  typically  sample  a volume  of  atmosphere 
which  is  weighted  towards  the  tangent  point  at  a distance  of  hundreds  c*  kilometers  from  the 
observation  platform^  and  with  a height  (thickness)  of  1 or  2 km  at  the  limb*  Thus,  the  effects 
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of  spaital  and  temporal  variability  must  be  carefully  considered  when  comparing  in  situ  and 
remotely  measured  profiles*  The  rem<^  m^hods  all  determine  the  line^of-sight  column  density 
under  one  or  more  geometric  path  conditions^  and  these  values  are  then  converted  by  geometric 
and  spectral  models  to  average  local  concentrations  at  a number  of  altitudes  corresponding  to 
the  number  of  independent  measurements  acquired.  The  result  is  a particular  approxim^ 
representation  of  the  vertical  distribution  of  the  species,  which  should  not  be  expected  to  match 
closdy  a profile  determined  by  in  situ  sampling.  The  latter  (in  the  absence  of  errors)  is  an  exact 
profile,  while  the  remcKe  data  give  a large  scale  average  representation. 

Finally,  several  internal  checks  are  available  when  evaluating  iuid  intercomparing  the  results  of 
remote  observations.  For  example,  a sensitive  verification  of  the  geometric  factors  and  algorithms 
involved  m the  reduaion  of  spectroscopic  data  is  the  ability  to  reproduce  the  correct  CO2 
concentration  over  wide  spectral  intervals.  In  addition,  the  many  solar  lines  available  provide  a 
direct  calibration  of  the  qualitative  reliability  of  the  d^a,  and  are  especially  valuable  in 
intercomparing  spectra  from  several  different  measurements  or  instruments. 

Altitude  Profile 

Balloon-borne  near-infrared  absorption  spectroscopy  has  been  used  to  obtain  vertical  profiles, 
covering  the  14  to  40  km  altitude  range  (Figure  1-99).  Several  groups  of  investigators  have  made 
measurements  by  this  method,  and  obtained  results  which  are  in  fairly  good  i^reement.  In 
addition  there  have  been  observations  made  by  pressure-modulation  radiometry,  by  emission 
spectroscopy  and  (recently)  by  absorption  spectroscopy  from  the  ground  (Figure  1-1(X)).  In  situ 
data  from  base-impregnated  filter  collection  method,  which  determirtes  total  acidic  chloride 
vapor,  are  also  available;  while  these  measurements  are  not  specific  to  HCI,  they  should  provide 
an  independent  upper  limit  check  on  the  remote  sensing  results.  The  sources  and  pertinent 
observational  conditions  for  the  currently  available  measurement  results  are  summarized  in  Table 
1-21. 

The  measurements  made  by  near-IR  absorption  spectroscopy  (five  different  experimenters)  are  in 
sufficiently  got*d  agreement  that  a mean  profile  from  14  to  40  km  can  be  derived  from  them, 
having  a probable  maximum  uncertainty  of  t50%.  At  25  km  altitude,  all  of  the  balloon-borne 
absorption  spectroscopy  results  agree  to  within  ±15%  (at  0.7  ppbv),  regardless  of  season  and 
latitude,  or  experimental  factors  which  might  introduce  systematic  biases  such  as  the  individual 
balloon  float  altitudes.  The  height  at  which  the  maximum  relative  concentration  of  HCI  occurs  is 
not  evident  from  the  published  spectroscopic  data.  The  correlation  radiometry  (pressure 
modulator)  results,  while  somewhat  higher  than  the  other  absorption  values  over  the  25  to  30  km 
range,  are  ne\«rtheless  In  agreement  when  the  combined  errors  are  taken  into  account.  These 
results  (Eyre  i.nd  Roscoe,  1977)  show  a maximum  in  the  vertical  profile  between  30  and  35  km. 

The  IR  emission  results  (in  preliminary  form  at  the  time  of  writing)  agree  with  the  absorption 
data  only  at  the  top  of  the  profile,  but  fall  off  much  more  rapidly  with  decreasing  height.  The 
quoted  error  limits  do  not  accommodate  this  difference,  but  this  comparison  may  well  become 
more  favorable  when  the  first-order  approximations  nnade  in  the  preliminary  analysis  of  the 
emission  spectra  are  removed* 

The  in  situ  data  ar*»  in  quantitative  agreement  with  the  shortwave  IR  results  at  the  lower 
altitudes,  but  the  overall  profile  derived  from  the  filter  sampling  method  is  quite  different  in 
shape  from  the  profile  obtained  from  the  remote  sensing  instruments  (and  from  theory).  The  in 
situ  data  show  a minimum  at  30  to  32  km  in  all  of  the  published  profiles;  since  the  filter 
collection  results  refer  to  all  'inorganic  chlorides',  and  in  general  give  smaller  mixing  ratio  values 
than  the  spectroscopic  measurements  (which  are  specific  to  HCI),  there  is  a clear  discrepancy 
between  the  two  separate  techniques. 
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Table  1-21 

Summary  of  HQ  Meuurementa 


lixptriinMMr 

Ohs  Dale 

LaUtudi 

Ail.  Rm|i 

Maihod 

Ralbiaaoa 

Fumti 

May/JuM  TS 

ao’N 

U 21  km 

|g  abioipik« 

Faimatsl  il.  (1976) 

Acksimin 

Oel.  75 

UYl 

II -35  km 

|g  abtotpUoa 

Acketman  at  at.  (1976) 

WUlUnu 

Die.  75 

M*N 

13  30  km 

lRaba«pttt» 

WliUMMalal.(l976) 

Eyr* 

Match  7e 

33”N 

16  39  km 

IR  abatHpOon  (laittamatiy ) 

Eyit  and  RoactM  (1977) 

Bul^ 

May  76 

6S'>I 

30-39  km 

IRabaoipthm 

»tt(^*la:.(l980) 

Rapti 

May  76 

33>l 

33  38  km 

IR  abaorpUtm 

Rapai  at  *1.(1977) 

/ladfi 

May  To 

3:*N 

abova  30  km* 

IR  abaoipUon 

Zandtt(|98lb) 

Lurut 

Maan  lot  76 

33>1 

14  - 37  km 

In  Utu  (fUwr) 

Lunuat  al.  (1977) 

Fsrmet 

Match  77 

30'S 

33 -37  km 

IR  abaorpUon 

Fanttar  atal.(l980) 

Z«n«kt 

Oct  78 

3:‘>i 

31  38  km 

IR  abaotplion 

Zander  (1980) 

Cirll 

Apt  79 

3.'>l 

30  40  km 

IKamlaUon 

Ban#iam*ial  (I9W) 

ZamUr 

Sapt  TO 

32*N 

abov*  37  km* 

IRabaorpUoa 

Zandit(l980) 

March* 

Use  78  Nov  79 

40*N 

0-31  km 

IR  absorption  (yound) 

Marcha  at  al  (I960) 

*IU|wrtt  total  column  ibuniianc*  abov«  itataj  aliltud* 


Frtjm  consideration  of  the  quality  of  the  data,  the  number  of  independent  measurement  sets  and 
the  agreement  between  them,  the  near-IR  results  are  judjjed  to  be  the  rnost  reliable  at  the 
present  tirne.  The  suggested  rnean  vertical  profile  and  its  associated  3 o confidence  iimits  are 
shcjwn  in  Figure  1-101, 
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Fijiure  1101.  Maan  HCI  profila  from  absorption  spectroscopy  measurements.  The  dotted  curves  are  the  3i> 
error  estimates. 
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Seasoru^  l ariation 

Since  miny  of  the  IR  absorption  measurenrwnts  of  HCI  were  made  at  the  same  latitude  (32*  and 
331^1),  it  might  be  expected  that  any  seasonal  trend  would  be  seen  in  this  subset  of  the  data. 
The  results,  however,  do  not  show  any  variation  greater  than  the  quoted  uncertainties  associated 
with  each  measurement.  (It  should  be  mentioned  also  that  the  same  conclusion  regarding  the 
absence  of  a seasonal  variation  was  reached  by  Lazrus  et  ai.  from  the  base-impregnated  fiber 
measurements  of  total  acidic  chloride  vapor.)  With  the  currently  improved  precision  of  the 
remote  spectroscopic  instrumentation,  profiles  with  associated  uncertainties  of  perhaps  less  than 
10%  can  be  anticipated  for  the  near  future;  thus,  more  sensitive  tests  of  the  seasonal  variability 
of  HCI  could  be  made,  provided  sufficiently  frequent  observational  opportunities  are  available. 

Chlorine  Nitrate  (CIONO2) 

The  only  specific  detection  claimed  for  CIONO2  to  date  is  that  of  Murcray  al.  (1*J79)  by  IR 
absorption.  The  accuracy  of  the  result  is  affected  both  by  modeling  assumptions  and  by 
uncertainties  in  the  intrinsic  spectroscopic  parameters  involved  in  the  analysis  of  the  data  (see 
below).  The  in  situ  sampling  method,  collection  on  base  impregnated  filters  (Lazrus  et  al.,  1^7), 
is  sensitive  to  all  acidic  chloride  (see  MCI)  so  that  its  results  can  only  be  used  to  provide  an 
upper  limit  estimate  for  CIONO2.  Since  the  filter  data  are  not  compatible  with  the  IK  data  for 
HCI  (q.v,),  they  cannot  aid  in  evaluating  the  available  remote  sensing  data  for  CIONO2. 


The  published  values  from  Murcray's  observations,  an  October  1978  balloon  flight  (see  Figure 
1-102),  differ  from  tlie  preliminary  values  given  in  NASA  RP  1049.  The  measurements  were  made 
by  the  limb  absorption  method,  that  is,  by  observing  the  Sun  through  the  atmosphere  at  sunrise 
or  sunset  from  a stratospheric  balloon  platform.  The  strong  infrared  absorption  by  CIONO2  at 
1292  cm"^  was  used  by  Murcrav  and  his  coworkers  in  their  analysis;  this  band  asincides  in  the 
stratospheric  spectrum  with  strong  absorptions  by  the  natural  gases,  N2O,  CH^,  and  H2O.  As  the 
absorptions  due  to  these  constituents  increase  (i.e.,  at  the  lower  tangents  heights  of  obser- 
vation), the  superimposed  CIONO2  absorption  is  completely  masked.  However,  even  at  the  higher 
altitudes,  where  the  CtONU2  absorption  might  be  discernible  against  the  spectral  background,  the 
maximum  expected  effect  does  not  exceed  5%  or  b%  depression  of  the  HCI  continuum.  Thus  the 
quantitative  analysis  is  dependent  both  on  the  spectral  model  and  on  the  quality  of  the 
experimental  data.  With  these  considerations  in  mind,  the  published  data  may  at  best  indicate  a 
possible  specific  identification  of  CIONO2:  the  deduction  of  a profile  of  concentiation  with 
associated  experimental  errors  of  t25%  does  not  seem  justified.  An  upper  limit  concentration  of 
10"^  by  volume,  between  25  and  35  km  altitude  is  consistent  with  the  observational  data. 

OTHER  HALOGENS 
Hydrogen  Fluoride  (HF) 

Stratospheric  HF  has  been  measured  by  several  different  groups  using  both  remote  sensing  and  in 
situ  techniques.  The  measurements  for  the  most  part  have  been  made  at  different  locations  and 
seasons  and  do  not  include  a sub-set  of  observations  similar  to  those  for  HCi  from  which  a 
rrwst  probable  profile  can  be  derived.  The  measurements  that  have  been  rnade  to  date  are 
summarized  in  Table  1-22  and  Figure  1-103. 
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Figure  1-102.  Distribution  of  CIONO2.  from  Murcray  et  al.  (1380). 


Table  1-22 

Summary  of  HF  Measurements 


bxperitnenter 

Ot».  Date 

Latitude 

Alt.  Ranfe 

Method 

Reference 

Zander 

Sept.  74 

above  27  km 

IR  absorption 

Zander (1975) 

Zander 

May  76 

32*N 

above  .77  kin 

IR  absorption 

Zander  (1981b) 

May  76 

65*N 

1 5 - 30  km 

IR  absorption 

Bufjs  et  al.  (1980) 

Mroz 

Feb.  • Nov.  76 

30*  33*N 

1 5 • 37  km 

In  situ  tfUter) 

Mroi(1977) 

Firmer 

March  77 

30*S 

1 4 ■ 40  km 

IR  absorption 

Fanner  et  al  (1980) 

Zander 

Oct.  78 

32*N 

above  30  km 

IR  abaorption 

Zander  (1980) 

Carti 

April  79 

32*N 

30  - 40  km 

IR  emisiion 

Baniham  et  al.  (1980) 

Marche 

May  79 

49TS 

20  30  km 

IR  abt.  (fround-baaed) 

Marche  et  al.  (1980b) 

Zander 

Sept.  79 

32*N 

above  36  km 

IR  absorption 

Zander  (1980) 
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Figure  1-103.  Stratospheric  HP  profile  measurements 

The  two  most  directly  corrparable  measurements  in  terms  of  experimental  technique,  both  of 
which  yield  a profile  for  HF,  are  those  of  Farmer  et  al.  (1900)  and  Buijs  et  al*  (1900).  Both  were 
made  from  balloon  platforms,  using  infrared  absorption  spectroscopy  to  establish  the  profile 
below  the  float  altitude  of  the  balloon.  Wi.ile  these  two  give  profiles  of  similar  slope,  they  differ 
in  magnitude  by  a factor  of  two  (see  figure).  However,  these  also  represent  the  extremes  of 
latitude  at  which  HF  observations  have  been  made  (3(fS  vs.  65^)  and  must  be  compared  with 
caution.  Both  sets  of  data  are  presented  in  terms  of  geometric  altitude  rather  than  effective 
stratospheric  altitude.  Given  that  HF  is  the  sink  term  for  anthropogenic  halocarbons  which  are 
emitted  primarily  in  the  Northern  Hemisphere,  interhemispheric  differences  may  be  partially 
responsible  for  the  consistently  higher  results  obtained  by  all  of  the  remote  sensing 
measurements  in  the  north.  More  measurements  are  needed  in  the  Southern  Hemisphere  to 
determine  if  this  difference  is  real. 

Two  additional  profiles  for  HF  have  been  obtained  by  Bangham  et  al.  and  Marche,  the  former  from 
balllon-borne  observations  at  32^  in  emission  and  the  latter  from  ground-based  absorption 
measurements  at  42^.  These  two  profiles  cover  different  altitude  regions  in  the  stratosphere, 
but  at  the  one  common  altitude  of  30  km  differ  by  about  a factor  of  five  (see  Figure  1-104). 

The  remaining  remote  sensing  measurements  are  those  of  Zander  (1900)  who  reports  total  column 
abundances  above  three  different  float  altitudes  from  balloon  flights  made  over  a period  of  4 
years.  These  measurements  were  made  at  successively  higher  altitudes  and  yield  increasingly 
larger  values  for  the  total  HF  burden  above  the  balloon,  which,  if  interpreted  as  a profile, 
produce  the  result  shown  in  Figure  1-104.  They  may  also  be  indicative  of  a long-term  increase  in 
the  stratospheric  HF  which  Zander  has  observed  in  the  course  of  the  IR  absorption  studies.  The 
possibility  of  such  an  increase  renders  intercomparisons  between  measurements  in  a data  base 
acquired  over  a period  of  6 years  even  more  difficult,  and  demonstrates  the  need  to  establish  a 
reliable  baseline  profile  for  HF  against  which  future  measurements  can  be  assessed. 
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Figure  M04.  Zander's  (1981b)  total  column  measurements  interpreted  as  the  profile  of  HF  below  the  highest  float 
altitude  (x  x).  shown  with  Marche's  May  1979  ground-based  measurement  ( A ) and  Farmer 
and  Buijs'  profiles  for  comparison. 


TIte  in  situ  data  of  Mroz  et  aU  shown  in  Figure  1-103,  is  the  average  of  four  seasonal  sets  of 
rrieasurements  made  in  1976.  Although  the  shapes  of  the  profiles  are  different,  the  total 
stratospheric  burdens  for  HF  which  can  be  deduced  from  the  Mroz  et  al.  data  and  that  of  Farmer 
et  al.  appear  to  be  in  good  agreement.  However,  the  sampling  technique  used  by  Mroz  et  al.  is 
stated  to  be  sensitive  to  total  fluoride,  including  COF2  and  COFCI:  depending  on  the  model 
usect  this  implies  that  as  much  as  one-third  of  the  collected  material  could  have  been  in  the 
form  of  these  two  gases.  Thus,  the  HF  in  situ  results  are  similar  to  those  for  HCI  in  that  they 
are  generally  lower  than  the  results  obtained  using  remote  sensing  techniques. 

SATELLITE  MEASUREMENTS  OF  TRACE  GASES 

Satellite  observations  of  trace  gases  other  than  ozone  did  not  begin  in  earnest  until  the  launch 
of  Nimbus  7 in  October  1978.  There  were  attempts  to  measure  upper  atmosphere  water  vapor 
profiles  using  the  Selective  Chopper  Radiometer  (SCR)  on  Nimbus  5 and  LRIR  on  Nimbus  6 but 
for  various  reasons,  it  has  not  been  possible  to  obtain  much  water  vapor  information  from  these 
experiments.  TOVS  and  several  other  NOAA  satellite  instruments  measured  water  vapor  only 
below  the  tropopause  and,  therefore;  they  will  not  be  discussed  here.  The  LIMS  experiment  on 
Nimbus  7 measured  the  profiles  of  H2O,  NO2,  and  HNO3,  in  addition  to  temperature  and  ozone. 
The  LIMS  data  set  covers  slightly  more  than  7 months  of  the  Northern  Hemisphere  winter  and 
spri<rg  periods.  The  SAMS  experiment  on  Nimbus  7 measured,  in  addition  to  temperature,  the 
concentrations  of  CO,  CH4,  H2O,  N2O,  and  NO.  This  instrument  is  still  operating  and  returning 
data  daily  on  all  of  these  species  except  NO.  A summary  of  coverage  time  periods  and  data 
availability  is  given  in  Tables  1-23,  1-24,  1-25,  and  1-26  for  minor  atnxsspheric  constituents  cither 
than  ozone. 

Measurements  of  other  trace  gases  are  just  being  produced  and  valiciated,  so  there  is  rx>t  yet  a 
large  body  of  findings.  Among  the  preliminary  findings  which  may  be  noted  are  the  observations 


Table  1-23 

Satellite  Measurements  of  Atmosphenc  H2O.  NO^  and  Related  Species  ConcentraUon  Profiles  - Measurement  P^imeten 


Spatial  Resolution 

Along 

Cross 

Estimated 

Instrument 

Lat.  Range 

Altitude 

Vertical 

Track 

Track 

Duty 

Measurement 

Comments 

(Species) 

Satellite 

Tune  Period 

(Deg.) 

Range(km) 

(km) 

(km) 

(km) 

Cycle 

Uncertainty 

SAMS 

Nimbus  7 

10/78  to 

SOS  to 

10 

100 

Orbit 

75%  (3 

100  ppb 

^Uncertain  due  to  un- 

present 

70  N 

based 

spacing 

days  on  in 

resolved  water  vapor 

on  vert. 

a 4-day 

line  shape  problems 

scan 

no  cross 

cycle) 

rate 

track  scan 

(NjO) 

2045 

— 

Data 

(NO) 

20-150 

interpolated 
to  a latitude 

50% 

(H2O) 

15^5 

grid  of  10” 
zonal  mean 

2 ppmv 

UMS 

Nimbus  7 

10/78-5/79 

64  Sto 

84 

Orbit  spacing 
(-2500) 

75% 

•Effective  duty  cyde 
including  ERB 

(NO2' 

10-50 

4 

(-1300)  by 

25% 

interference  effects 

combining 
ascending  and 
descending 
node  data 

(HNO3) 

10-50 

2 

15% 

(HjO) 

10-50 

4 

15% 

TRACE  SPECIES  1-131 


Table  1-24 

NOAA  Satellite  MeasuremenU  of  Atmospheric  HjO.  NO^,  and  Related  Species  ConccntraUon  Profiles  - DaU  Information 


liutmment 

(Species) 

Satellite 

Data 

Availability 

Data 

Products 

Format 

Investigator, 

Institution 

Comments 

SAMS 

Nimbus  7 

NOPS/NSSDC 

Radiances  and 
inverted  profiles 

Magnetic 

tape 

F.W.  Taylor 
Univsity  of  Oxford 

(N2O) 

(NO) 

UMS 

Nimbus  7 

Anticipate 
archival 
at  NSSDC 
early  1982 

Vertical 
profiles 
orbital/ 
latitudinal 
cross  sections 

Magnetic 

tape, 

microfilm 
hard  copy 

J.  RiiaaeU 
NASA/URC 

J.Gille,NCAR 

(NOj) 

Maps  on 
constant 

(HNO3) 

pressure 

surfaces, 

(H2O) 

radiance 

vertical 

profOes 
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Table  1-25 

Satellite  Measurements  of  Aerosols,  CO  and  CH^  Concentration  Profiles  - Measurement  Parameters 


kal  tcanno  croat  cyde) 

rate  Itrack 
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Table  1-26 

Satellite  Measurements  of  Aerosols,  CO  and  CH^  Concentration  Profiles  - Data  Information 


Instrument 

Satellite 

Data 

Availability 

Data 

Products 

Format 

Investigator, 

Institutioa 

SAMS 

(CO  and  CH4) 

Nimbus  7 

NOPS/NSSDC 

Radiances  and 
inverted  profiles 

CH^on 
magnetic 
tape;  CO 
on  paper 

F.W.  Taylor 
University  of  Oxford 

SAM  il 

Nimbus  7 

Available  from 
NSSDC  summer 
1981 

Aerosol  extinc- 
tion at  wavelength 
vs. alt. 

Extinction 
isopleths 
altitude  vs. 
latitude  and 
longitude; 
global  nups 
of  total 
burden 

M J*.  McCormick 
NASA/LARC 

SAGE 

AEM-2 

Available  from 
NSSDC  late 
1981 

Aerosol  extinc- 
tion at  2 wave- 
lengths vs.  alti- 
tude 

Extinction 
isopleths 
altitude  vs. 
latitude  and 
longitude, 
global  maps 
of  total 
burden 

MJ*.  HcCormick 
NASA/LARC 

Comments 
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of  the  diurnal  wiation  of  NO2,  and  of  the  downward  and  poleward  slope  of  the  maximum  HNO3 
concentration  by  LIMS  (Cllle  and  Russell,  private  communication).  Similarly,  SAMS  (Taylor, 
personal  communication)  has  observed  the  diurnal  variation  of  NO,  and  the  rapid  decrease  in 
water  vapor  mixing  ratio  above  70  km. 

COMPARISON  OF  MEASUREMENTS  AND  1-P  MODEL  CALCULATIONS  FOR  TRACE 
REACTIVE  SPECIES 


In  the  previous  section  the  data  base  from  field  measurements  has  been  critically  examined,  and 
those  observations  which  comprise  the  en^irical  picture  of  reactive  trace  species  in  the  strato- 
sphere have  been  identified.  In  this  section  the  observations  are  compared  with  the  current 
theoretical  picture  of  the  stratosphere  expressed  through  a typical  one-dimensionaJ  model 
(Wuebbles,  1961). 

For  each  of  the  families  which  contribute  to  the  catalytic  destruction  of  odd  oxygen  (e.g., 
nitrogen,  chlorine;  hydrogen,  etc.),  the  following  questions  will  be  answered  before  the 
differences  between  observed  and  calculated  profiles  are  interpreted: 

• Which  catalytic  cycles  (i.e.,  which  reaction  sets  taken  together)  dominate  the  destruction  of 
odd  oxygen  at  each  altitude  interval  in  the  stratosphere? 

• Which  reaction  in  each  catalytic  cycle  is  rate  limiting  for  that  cycle? 

• Given  the  identification  of  that  rate  limiting  reaction,  and  thus  the  identification  of  the  rate 
limiting  restive  species,  which  reactions  determine  the  fractional  amount  of  that  rate 
limiting  species? 

In  order  not  to  invalidate  the  discussion  because  of  changes  in  laboratory  rate  data,  six  different 
sets  of  reaction  rates  have  been  used  as  input  to  the  model  calculations.  These  six  cases  cover 
the  four  oK>st  important  rate  constant  uncertainties  currently  confronting  stratospheric  chem- 
istry. The  first  is  the  reaction  of  the  hydroxyl  radical  with  nitric  acid  for  which  there  are  two 
current  alternatives.  The  second  is  the  reaction  of  hydroxyl  with  pernitric  acid  for  which  there 
remains  a serious  lack  of  strong  experimental  evidence.  The  third  is  the  reaction  of  hydroxyl  with 
hydrogen  dioxide  for  which  a fast  and  a slow  rate  exist.  The  final  reaction  is  the  formation  of 
chlorine  nitrate,  from  chlorine  oxide  and  nitrogen  dioxide.  Iwo  choices  are  identified:  A ‘fast* 
chlorine  nitrate  formation  rate  which  uses  the  observed  loss  coefficient  for  CIO  NO^  and 
assigns  the  product  channel  entirely  to  CIONO2;  and  a 'slow*  chlorine  nitrate  formation  n»te 
based  on  the  thermal  decomposition  rate-equilibrium  constant  approach  which  ascribes  one-third 
of  the  reaction  to  the  CIONO2  channel  and  two-thirds  to  rapidly  dissociated  isomeric  form(s). 

The  six  cases  are: 

Case  1:  The  rate  constant  set  as  recommended  in  NASA  RP  1049.  This  set  is  later  referred  to  in 

Chapter  3 as  Case  A.  The  significant  reactions  in  this  set  are  given  in  Table  1-27. 

Case  2:  The  rate  constant  set  as  recommended  by  the  NASA  Panel  for  Data  Evaluation  in  lanuary 

1981  ()PL  81-3)  except  the  rate  for  the  reaction 

HO  ♦ HNO3  — Products 

which  is  set  equal  to  the  rate  in  Case  1.  The  significant  reactions  in  this  set  are  also  given 
in  Table  1-27. 
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T«ble  1-27 

Retction  Rite  Conitints  Uwd  in  1-D  Model  Cikulaticmi 


Reictimi 

Cue  1 NASA  RP  1049 

1 — 

H0  + H202  HjO  + HOj 

i.Oxio-*Uxp(::2^) 

T 

2.7  X 10'^2  ^^p( 

HO  + 0 - H + O2 

4.0x  10**^ 

2JxlO'^*exp(tii&) 

HO2  + O - HO  + O2 

3.5x  10‘“ 

4.0  xlO'^^ 

ao  + NO  -N02+a 

7.8x  10’*^exp(1250) 

T 

6.5x  10’^^exp(i2^) 

N^O 

H2O 

0(1  D)+  CH4  ^ Product 

N2 

O2 

CO2 

See  NASA  RP  1049 

See  iPL  Publication  81  >3 

HO2  + HO2  - H2O2  + O2 

2.5  X 10‘‘2 

2.5  X 10“^^  cm^/iec 

HO2  + NO  -*  HO  + NO2 

4.3  X 10'*^  exp(^^) 

3.5  X 10*^2  j,ip(  +250  ) 
T 

HO  + HO  - H2O  + O2 

1.0xl0'*Uxp(M) 

T 

4.5x  10*^^exp(*l^) 

HO  + HOa  -H20  + Q0 

3.0x  10‘‘2oxp(i^) 
T 

3.0  X 10‘^2  gxp(  ) 

T 

Q + CH4  - HQ  + CHj 

9.9x  10^‘exp('*-*^®) 

9.6xl0'^2^xp('^35'^) 

T 

Q + H02  ^ HQ  + 02 

4.5  X 10'‘‘ 

4.8  x 10'** 

ao  + HO,  - Hoa  + Oj 

5.2x  10'*2 

4.6  X iO'*^  exp(  ) 

NO3  + h V - NO  + O2 

See  NASA  RP  1049,  page  23 

JPL  Publication  81-3 

NO2  + 0 

HO  + HONO,  - Products 

8.5  X 10'^^ 

Same  u Case  1 

HO  + HO2NO2  -*  Products 

5.0  X 10'*^ 

8x  10'*^ 

H0fH02  H2O  + O2 

4x  10'** 

Same  u Cate  1 
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Case  3:  The  complete  rate  constant  set  given  in  |PL  81-3  (1961).  This  set  is  referred  tc?  in  Chap- 
ter 3 as  Case  B.  This  set  includes  the  fast  rate  for  the  reaction: 

HO  ♦ HNO3  Products 

Case  4:  The  rate  constant  set  for  Case  3 except  for  the  reaction 
HO  ♦ HO2NO2  *•  H2O  ♦ NO2  ♦ O2 
for  which  a faster  rate  of  4x10“^2cm^sec"^  Is  used. 

Case  5:  The  rate  constant  set  for  Case  4 except  for  the  reaction 
HO  ♦ HO2  - H2O  ♦ O2 

for  which  a faster  rate  of  8x10~^'*cm^sec~^  is  used.  This  set  corresponds  to  Case  C in 
Chapter  3. 

Case  6:  The  rate  constant  set  given  in  Appendix  A of  this  report.  This  corresponds  to  Case  D in 
Chapter  3.  This  data  set  uses  the  slowrate  for  the  formation  of  CIONO2.  Cases  1 through 
5 use  the  fast  CiONC^  formation  rate. 

Aii  the  caiculations  shown  are  for  noon  and  unless  stated  otherwise  are  for  Case  6. 

ATOMIC  OXYGEN 

Although  there  are  relatively  few  atomic  oxygen  profiles,  all  of  which  were  ol^ained  at 
mid-latitude  (Palestine,  Texas,  3W)  corresponding  to  midday  conditions,  they  form  a rather 
consistent  picture  when  compared  with  model  calculations  for  corresponding  conditions.  Figure 
1-105  correlates  the  six  available  atomic  oxygen  observations  with  the  1-D  profile  using  the  rate 
constant  set  six.  Given  the  cited  experimental  uncertainty  of  ±30%,  the  observations  are  in 
agreement,  both  in  absolute  magnitude  and  the  gradient  with  the  model  calculations.  A critical 
test  of  the  theory  is  the  ratio  of  the  atomic  oxygen  concentration  to  the  ozorte  concentration. 
As  shown  in  Figure  1-54  the  agreement  between  theory  and  measurements  for  this  ratio  is  good. 

THE  HYDROGEN  SPECIES 

Catalytic  Cycles  Affecting  Odd  Oxygen 

The  major  hydrogen-oxygen  free  radicals,  HO  and  HO2,  play  a critical  part  in  every  stratospheric 
chemical  mechanism  either  directly  as  a reaaant  or  through  control  of  the  partitioning  between 
free  radical  and  stable  forms  within  each  of  the  chemical  groups  (i.e.,  nitrogen,  chlorirse,  etc.) 

Four  major  catalytic  cycles  involve  HO^  radicals  directly  in  an  odd  oxygen  rate  limiting  process: 

Cycle  1 : 0 ♦ HO  * O2  ♦ H 

H ♦ O7  ♦ M -*■  HO2  ♦ M 

0 ♦ HO2  - HO  ♦ O2 


Net 


0 ♦ O O2 
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Figure  1-105.  Comparison  of  atomic  oxygen  measurements  with  a one-dimensional  calculation. 


Cycle  2: 

0 + HO  ^ O2  + H 
H + O3  HO  O2 

Net 

0 + O3  2O2 

Cycle  3: 

HO  + O3  ->  HO2  + O2 
HO2  + 0 HO  O2 

Net 

0 + O3  2O2 

Cycle  4: 

HO  + 03-*  HO2  O2 
HO2  ^ O3  HO  + 2O2 

Net: 

O3  O3  -♦  3O2 

Above  40  km  HO^  cycles  1 and  2 are  of  major  importance  to  the  destruction  of  odd  oxygen  and 
are  dominated  by  important  pathways  for  cycling  HOj^  between  HO  and  H02»  Below  40  km  cycle 
3 begins  to  dominate  as  the  O to  O3  ratio  decreases  and  by  30  km  cycle  4,  which  does  not  utilize 
0 atoms  becomes  the  most  imcortant.  In  both  of  these  cycles  the  HO2  reaction  with  either  0 or 
O3  is  rate  limiting  in  tha*  it  competes  with  HO2  + NO  -►  HO  ♦ NO2  which  returns  HO2  to  HO 
without  net  destruction  of  odd  oxygen. 
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Budget  and  Partitioning  of  Odd  Hydrogen  (HO2  »nd  HO) 

Budget 

The  dominant  source  of  HOx  radicals  throughout  the  stratosphere  is  the  reaction  of  0(‘'D)  with 
H2O  to  form  HO 

H2O  ♦ 0(‘>D)  - HO  ♦ HO 

Production  of  HO^  from  H2C  and  methane  oxidation  is  balanced  by  recombination  to  H2O  by  the 
bimolecular  reaction 

HO  ♦ HO2  - H2O  ♦ O2 

and  reaction  cycles: 

HO  ♦ NO2  • HONO2 

HO  ♦ HONO2  -•  H2O  * NO3 

Net  2HO  ♦ NO2  ■*  H2O  ♦ NO3 

HO2  * NO2  * HO2NO2 

HO2NO2  ♦ HO  -•  H2O  ♦ O2  NO2 

Net  HO  ♦ HO2  ^ H2O  ♦ O2 

However,  HO2NO2  has  not  been  observed  in  the  concentrations  predicted  b>'  the  models.  Figure 
1-106  displays  the  altitude  dependence  of  HOx  recombination  rates,  selecting  the  rate  limiting 
process  in  each  of  the  cycles: 


Figure  M06.  Recombination  rates  for 
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Above  35  km,  the  direct  recombination  to  H2O  through  iO  ♦ HO2  dominates  the  destruction  of 
HO^,  while  near  30  km  the  two  catalytic  cycles  are  closely  competitive  with  direct  recombination. 
At  25  km  and  below,  the  catalytic  cycles  rapidly  (and  approximately  equally)  dominate  direct 
recombination  down  to  15  km.  The  quantitative  details  of  the  conversion  rates  displayed  in 
Figure  1-107  depend  critically  upon  the  choice  made  for  the  corresponding  rate  constants.  The 
values  recommended  in  this  document  have  been  adopted  but,  a»  will  be  discussed  subsequently 
In  this  section,  there  is  considerable  uncertaintly  regarding  the  appropriate  rate  constant  choice. 

Purtitioniuji 

Partitioning  between  HO  and  HO^  is  controlled  by  the  following  reactions: 


HO  ♦ 0 - 

H >02 

H *03  * 

HO  *02 

H ♦ O2  ♦ M 

* MO  2 ♦ M 

HO2  ♦ NO 

* HO  ♦ NO2 

HO2  ♦ O3 

* HO  ♦ 2O2 

HO2  ♦ 0 ‘ 

HO  ♦ O2 

MO  ♦ O3  • 

HO2  ♦ O2 

HO  +00 

- CO2  ♦ H 

Figura  M07.  Conversion  rates  between  HO  and  HO2  as  a function  of  altitude 
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The  altitude  dependence  of  each  reaction  is  displayed  in  Figure  1-1(^.  Of  particular  concern  are 
the  reactions  which  control  the  fraction  of  HO^  partitioned  into  the  rate  limiting  radical,  i>e*, 
into  HO  above  approximately  40  km  and  Into  HO2  below  approximately  40  km.  Since  atomic 
hydrogen  constitutes  an  immeasurably  small  fraction  of  the  HO^  budget  in  the  stratosphere  and 
is  n(A  rate  limiting  at  any  altitude^  it  serves  only  as  an  interm^iate,  and  will  not  be  discussed 
expiicitly. 

In  the  altitude  region  from  50  to  40  km,  the  conversion  of  HO  to  HO2  occurs  primarily  through 
atomic  hydrogen  with  the  rate  of  HO  ♦ O H ♦ O2  nearly  balancing  the  subsequent  three-body 
reaction,  H ♦ O2  M * HO2  M.  Approximately  20%  of  the  H formation  rate  is  balanced  by  tire  H 
O3  -*  HO  ♦ O2  reaction  forming  HO,  Conversion  of  HO2  to  HO  is  dominated  by  the  reaction  HO2 
■»’  O HO  02*  Thus,  the  partitioning  between  HO  and  HO2  is  a photochemical  steady  state  with 
HO  + O H ♦ O2  balanced  by  HO2  ♦ 0-*H0  O2  such  that  (H0)/fH02l  depends,  to  first  order, 
only  on  the  ratio  of  rate  constants  and  not  upon  any  other  constituent  concentration. 

Between  40  and  30  km  there  is  a distinct  shift  from  conversion  of  HO  to  HO2  through  atomic 
hydrogen  via  HO  ♦ O -►  H ♦ O2  to  direct  chemical  conversion  by  reaction  of  HO  with  O3, 
Conversion  of  HO2  to  HO  near  30  km  is  dominated  by  direct  reaction 

HO2  ♦ NO  -»  HO  * NO2 

Thus,  near  40  km  the  ratio  lHO)/tH02)  depends  to  first  order  upon  four  reactions 
HO  > O - H + O2 
HO  + O3  - HO2  ♦ O2 
HO2  ♦O'-  HO  ♦ O2 
HO2 ♦NO  - HO  ♦ NO2 

while  near  30  km  the  ratio  [HO]/[H02l  depends  to  first  order  on  but  two  reactions, 

HO  ♦ O3  - HO2  ♦ O2 


and 


HO2 ♦NO  - HO  ♦ NO2 

In  the  region  of  30  km  to  the  tropopause  the  same  reactions  dominate  the  exchange  of  HO  and 
HO2  as  at  30  km. 

Dapendance  of  Odd  Hydrogen  Budget  and  Partitioning  on  Rata  Constants 

An  inspection  of  the  reactions  for  which  major  uncertainties  exist  regarding  corresponding  rate 
constants  reveals  that  it  Is  primarily  those  processes  which  recombine  (directly  or  catalytically) 
HO^  to  reform  H2O  that  are  in  doubt.  This  fact  is  summarized  in  Figure  1-108  which  presents  the 
altitude  dependence  of  the  sum  (HO)  ♦ [HO2)  for  each  of  the  five  cases. 
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Figure  1-108.  The  altitude  dependence  of  [HO]  [HO2]  for  the  five  chemical  data  sets. 

Between  50  and  40  km  the  most  important  uncertainty  for  HO,(  recombination  is  HO  ♦ H02“‘  H2O 
♦ O2.  Thus,  all  of  the  cases  yield  identical  results,  except  that  in  going  from  case  4 to  case  5, 
where  the  rate  for  HO  ♦ HO2  changes  from  4x10"^^  cnrsec"^  to  8x10"^1  cm"^sec"\  the  sum 
decreases  by  a factor  of  /T*as  it  should  for  a second  order  reaction. 

In  the  interval  40  to  25  km,  the  rate  of  HO^  recombination  is  increasingly  controlled  with 
decreasing  altitude  by  catalytic  cycles  which  are  rate  limited  by  reaction  between  HO  and 
nitric/pernitric  acid.  Thus,  cases  4 and  5 converge  with  decreasing  altitude,  while  cases  2,  3 and 
4 diverge.  Changes  in  the  other  19  reactions  define  the  difference  between  case  1 and  2, 
changing  the  sum  only  slightly. 

Below  25  km:  HO^  recombination  is  predicted  to  be  controlled  entirely  by  the  catalytic  cycles 
involving  HONO2  and  HO2NO2.  The  uncertainties  in  the  sum  for  these  six  chemistry  data  sets 
approaches  a factor  of  six  at  20  km  and,  as  will  become  apparent  in  the  subsequent  discussion, 
represents  a spread  in  concentrations  which  prevents  a quantitative  analysis  of  o^one 
photochemistry  in  the  lower  stratosphere. 

Figure  1-109  shows  the  calculated  ratio  of  (HO)Alt)2)  for  the  six  cases.  The  difference  between 
case  1 and  case  2 results  from  a combination  of  small  changes  in  the  oxygen -hydrogen  reaction 
rate  constants,  listed  in  Table  1-27.  The  divergence  between  cases  2,  3 and  4 below  30  km  is  a 
reflection  of  changes  in  [NO],  coupled  with  the  dominant  control  by 

HO2  ♦ NO  -►  HO  ♦ NO2 


in  converting  HO2  to  HO 
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Figure  1-109.  Altitude  dependence  of  (HO)  /IHO2]  for  the  five  chemical  cases. 

Comparison  Between  Calculated  and  Obtarved  [HO] 

Figure  1-110  summarizes  the  correlation  between  (a)  the  balloon  and  rocket-borne  in  situ  data 
critiqued  earlier,  and  (b)  five  of  the  cases  representing  the  current  range  in  calculated  (HO). 
Case  6 is  not  shown  as  it  is  essentially  identical  to  case  5.  The  experiments  demonstrate  the 
existence  of  HO  in  the  stratosphere  and  they  provide  a crude  picture  of  the  absolute 
concentration  and  altitude  dependence  of  the  hydroxyl  radical  down  to  30  km.  In  the  region 
above  30  km,  the  in  situ  data  are  of  insufficient  absolute  accuracy  and  are  too  few  in  number. 
Below  30  kn\  where  the  reactions 

HO  ♦ HONO2  - H2O  ♦ NO3 


and 


HO  ♦ HO2NO2  H2O  ♦ ©2  NO2 

dominate,  there  are  no  data  available.  It  should  be  noted  that  some  of  the  discrepancy  could  be 
in  the  choice  of  the  water  vapor  profile  used  in  the  nx>del.  The  divergence  of  the  profiles 
represented  by  cases  2,  3 and  4 maximizes  at  approximately  20  kn\  and  represents  a factor  of 
three  uncertainty  in  lower  stratospheric  HO, 

From  the  point  of  view  of  understanding  the  photochemical  structure  of  the  stratosphere,  the 
absence  of  data  on  HO  below  30  km  (and  the  scarcity  of  empirical  information  above  30  km)  is 
the  single  most  serious  shortcoming  in  our  knowledge  of  the  chemical  composition  of  the 
stratosphere.  As  wilt  become  evident  in  the  subsequent  discussion  of  and  CIO^,  without 
detailed  knowledge  of  HO  throughout  the  stratosphere,  crucial  aspects  of  curretit  computer 
nxxlels  cannot  be  tested.  Rectifying  this  critical  shortcoming  is  essential. 
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Figure  1-110.  Comparison  of  HO  measurements  and  1-D  model  calculations  for  each  of  the  five  cases. 


Comparison  Between  Calculated  and  Observed  [HO2] 

Figure  1-111  gives  a comparison  between  the  reported  observations  of  HO2  and  the  five  cases 
encompassing  the  range  of  calculated  IH02]« 

The  scatter  of  the  observations  is  such  that  the  only  conclusion  that  can  be  drawn  is  that  at 
noon  HO2  exists  in  the  middle  stratosphere  with  a concentration  between  10^  and  10**Cm"^.  An 
accurate  characterization  of  the  absolute  concentration  of  HO2  as  a function  of  altitude  is 
beyond  the  currently  available  data  base  and  it  is  impossible  to  distinguish  among  the  cases 
represented  by  the  calculations. 

Given  that  HO2  is  the  major  rate  limiting  radical  in  the  HO^  catalyzed  destruction  of  in  the 
lower  stratosphere  the  extremely  large  range  encompassed  by  current  calculations,  coupled  with 
the  complete  absence  of  data  on  HO2  below  30  km,  represents  a significant  shortcoming  in  the 
stratospheric  data  base. 
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THE  REACTIVE  TRACE  NITROGEN  SPECIES 
Catalytic  Cyclat  Affecting  Odd  Oxygan 

There  are  two  catalytic  cycles  involving  nitrogen  which  reform  O2  from  odd  oxygen: 


Cycle  1 - 

NO  ♦03-^  NO2  ♦ O2 

NO2  ♦ 0 NO  ♦ O2 

Net 

0 ♦ O3  202 

and 

Cycle  2 - 

NO  O3  NO2  ♦ O2 

NO2  *03  **  •'IO3  *02 

NO3  + hv“*’  NO  ♦ O2 

Net 

2O3  -*  3O2 

Figure  1-111.  Comparison  of  HO2  observations  with  the  1-D  model  predictions  for  each  of  the  five  cases. 
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The  conversion  rates  for  the  reactions  in  these  two  cycles  are  shown  in  Figure  1-112i  it  can  be 
seen  that  there  is  a single,  dominant  cycle  linking  the  reactive  trace  nitrogen  species  to  the 
destruction  of  odd  oxygen  which  is  rate  limited  by  the  reaction 


NO2  ♦ O NO  ♦ 02» 


Partitioning  of  RMctiva  Nitrogen  into  the  Rate  Limiting  NO2  Radical 

The  principal  source  of  reactive  nitrogen  in  the  stratosphere  is  the  reaction  of  excited  oxygen, 
0(^D),  with  N2O  which  forms  nitric  oxide 

N2O  ♦ O(1d)-*2N0 


The  .ate  of  reactive  nitrogen  formation  from  this  source  is  small*  Production  peaks  in  the 
vicinity  of  30  km  at  approximately  10^  molecules  cm'^sec"^.  The  only  reason  for  the  existence 
of  significant  amount  of  reactive  nitrogen  in  the  stratosphere  is  that  there  is  no  efficient 
chemical  loss  process. 


It  is  convenient  to  distinguish  between  all  reactive  forms  of  nitrogen  which  include. 


N ♦ NO  ♦ NO2  NO3  ♦ N2O5  ♦ HONO  ♦ HONO2  ♦ HO2NO2  + CIONO2 


Figure  1-112.  Conversion  rates  of  odd  nitrogen. 
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and  those  reactive  fornts  which  enter  directly  into  odd  oxygen  catalytic  destruction  cycles, 

NOx  » NO  ♦ NO2 

The  reactions  which  link  these  forms  of  nitrogen  are  shown  diagrammatically  in  Figure  1-113. 

Figure  1-114  displays  the  altitude  dependence  of  the  conversion  rates  for  these  reactions.  There 
are  four  significant  reservoirs  for  reactive  nitrogen:  HONO2,  HO2NO2,  CIONO2  and  N2O5.  The 
proportion  tied  up  in  each  and  in  NO^  as  a function  of  altitude  is  shown  in  Figure  1-115. 

The  key  points  to  be  extracted  from  Figure  1-115  are  that  NO^  and  HONO2  constitute  the  major 
fraction  of  all  reactive  nitrogen  throughout  the  stratosphere  with  a small  but  significant  fraction 
present  as  N2O5  between  25  and  35  km.  Note,  however,  that  N2O5  comprises  a maximum  of 
approximately  10%  of  the  reactive  nitrogen  compounds  averaged  over  24  hours.  This  partitioning 
will  be  an  important  part  of  the  following  discussion  on  the  comparison  between  calculated  and 
observed  reactive  nitrogen. 

The  conversion  rates  for  reactions  which  partition  NO^  into  NO  and  NU2  are  shown  in  Figure 
1-112.  The  ratio  [NOI/INO2I  is  established  to  within  a few  percent  by  a balance  between  NO  * 
O3  converting  NO  to  NO2,  and  the  direct  photolysis  of  NO2  reforming  NO  from  tlie  tropopause  to 
30  km.  In  the  vicinity  of  40  km  and  above,  the  reaction, 

NO2  + O -»  NO  * O2 

becomes  increasingly  important  such  that  at  the  stratopause  NO  * O3  is  balanced  by  NO2  O, 
rather  than  by  photolysis. 


Figure  M 13.  Noontime  chemical  life  cycles  of  NO^  species  at  30  km  using  case  6 chemistry. 


ALTITUDE  (km) 
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In  addition,  in  today's  atmosphere,  the  reaction  NO  CI0-»N02  Ci  constitutes  10%  of  the  NO 
NO2  conversion  in  the  35  to  30  km  leaion  - a cross  linking  between  NO^  and  CIO^,  which  is  not 
insignificant  for  some  questions* 

The  [N0]/{N02l  ratio  depends  dramatically  on  the  solar  flux  such  that  following  sunset  NO  is 
rapidly  converted  to  NO2,  thus  while  the  ratio  of  NO  to  NO2  is  close  to  one  noon,  the  24 
hour  mean  shifts  significantly  toward  N02* 

Dependence  or  Nitrogen  Partitioning  on  Rate  Constant  Assumptions 

As  NO2  is  the  rate  limiting  radical  in  the  nitrogen  catalytic  cycle,  the  discussion  will  concentrate 
on  this  nK>lecule.  Figure  1-116  summarizes  the  modei  calculations  of  the  altitude  dependence  of 
(NO2]  throughout  the  stratosphere*  Above  35  km  the  differences  between  individual  cases  are 
insignificant,  but  below  30  km  there  is  a major  divergence  such  that  at  20  km  there  is  a factor  of 
three  disparity  in  calculated  [NO2]*  The  behavior  of  NO2  for  each  of  the  reaction  rate  cases  can 
be  understood  by  considering  the  altitude  dependence  of  the  processes  that  (1)  partition  NO^ 
and  the  sum  of  all  reactive  nitrogen,  and  (2)  partition  NC  and  NO2* 

The  displacement  between  case  1 and  case  2 represents  slight  differences  in  the  rate  constants 
for  the  reKtions: 


NO2  ♦ HO2  - HO2NO2 
NO2  ♦ O3  - NO3  ♦ O2 


and 


NO2  ♦ HO  -►  HONO2 

which  shift  the  partitioning  between  NO^  and  reactive  nitrogen  as  a whole* 


Figure  M 16.  Altitude  dependence  of  (HO2]  for  each  of  the  six  chemical  cates. 
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The  strong  divergence  between  cases  2,  3 and  the  grouping  4-5-6  simply  represents  the  shift  from 
HONO2  to  NO^  as  a result  of  correspondingly  lower  (HO]  for  cases  2,  3 and  4-5-6  below  30  km* 
The  concentration  of  NO2  does  not  respond  to  changes  in  the  HO  ♦ HO2  rate  constant 
(represented  by  case  4 vs*  case  5}  because  in  the  altitude  interval  where  that  reaction  affects  the 
partitioning  between  HO^  and  H2O  only  a small  fraction  of  the  sum  NO  * NO2  * HONO2  is  tied  up 
as  HONO2. 

Comperiiop  Betumen  Calculated  and  Obearvad  [NO2] 

The  absence  of  height  resolved  NO2  data  for  noontime  conditions  is  a serious  shortcoming  for  a 
detailed  quantitative  comparison*  Most  of  the  NO2  ditta  correspond  to  sunrise  or  sunset 
conditions^  and  were  measured  remotely*  There  is  first  the  question  of  asymmetry  between 
sunrise  and  sunset  resulting  from  N2O5  photolysis  and  second  the  uncertainty  associated  with 
sunrise/sunset  conversion  of  NO  to  N02* 

Qualitatively  the  observed  sunrise/sunset  ratio  of  NO2  follows  that  expected  from  theory,  i*e., 
sunset  concentrations  are  decidedly  larger  than  those  at  sunrise,  resulting  it  is  beMeved,  from 
the  conversion  of  N2O5  to  NO^.  Table  1-2b  compares  the  observed  and  calculated  sunrise/ 
sunset  ratios  as  a function  of  altitude  for  the  reaction  rate  set  of  case  6.  The  only  concerted 
sunrise/sunset  study  was  carried  out  at  50t\l.  It  is  now  clear  that  low  latitude  studies  should 
be  carried  out  since  the.e  is  little  seasonal  variation  of  NO2  below  30"  latitude. 

The  concentration  of  NO2  does  not  change  rapidly  with  solar  zenith  angle  until  within  5"  either 
side  of  sunset.  The  ratio  of  midday  to  post  sunset  (e.g.,  solar  zenith  angle  of  95")  is  extremely 
altitude  dependent. 

The  available  (NO2]  sunset  data  are  summarized  in  Figure  1-117.  Each  point  between  20  and  36 
km  is  corrected  by  a factor  of  1.5  to  compare  those  data  with  the  theoretical  calculations  using 
the  six  cases  of  reaction  rate  data. 


Table  1-28 

Observed  and  Calculated  Sunrise/Sunset  Ratios  of 
NO2  as  a Function  of  Altitude 


Altitude 

Observed 
Sunrise /Sunset 
Ratio 

Calculated 

Sunrise/Sunset 

Ratio 

50 

45 

0.6 

40 

0.6 

35 

0.5 

0.5 

30 

0.5 

0.5 

25 

0.5 

0.5 

20 

0.5 

0.5 

15 

0.7 

10 

0.7 
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The  following  conclusions  can  be  drawn  from  an  analysis  of  Figure  1-117: 

e Given  the  cited  uncertainties  of  the  observaticns,  there  exists  reasonable  consistency  among 
the  techniques. 

e The  observations  fall  below  tho  cakulations  for  ccses  4,  5,  and  6. 


Figure  1-117.  Comparison  between  calculateil  and  observed  [NO2I  ■ 


Comparison  Between  Calculated  and  Observed  [NO] 

Figure  1-118  displays  the  internally  consistent  data  set  reported  b,'  Kidiey  and  coworkers  (Roy  et 
al.,  1980;  Kidiey  and  Schiff,  1981;  and  Ridley  and  iiastie,  1981)  and  calculations  using  the  six  sets 
of  reaction  rate  data.  The  measurements  were  obtained  in  situ  under  conditions  corresponding 
to  midday  and  can  thus  be  compared  directly  with  the  model  distributions.  Before  such 
measurements  can  be  used  to  test  models,  it  will  be  necessary  to  develop  methods  which  can 
simultaneously  measure  NO2,  NO,  HONO2  and  HO  to  *10%  in  the  same  vo’ jrne  of  space.  In 
short,  although  the  observations  clearly  demonstrate  the  existence  and  concentrations  to  within 
a factor  of  three  of  NO  in  the  stratosphere,  they  cannot  be  used  to  selecc  among  tire  six 
chemistry  cases  used  in  this  report. 

Compariion  B«twMn  Calculated  ainl  ObMrved  [HONO2I 

A comparison  between  thir  measurements  obtained  at  mid-latitude,  and  the  model  calculations 
for  the  six  cases  of  reaction  rate  data  are  given  m Figure  1-119.  Above  30  km,  there  is  a 
divergence  between  the  trend  in  the  observations  with  increasing  altitude  and  all  of  the  cases 
represented.  In  the  current  understanding  of  tlie  stratosphere,  the  HO>I02  concentration  is 
determined  by  exchangB  with  the  reactive  nitrogen  system  dictated  by  the  formation  reaction, 

NO2 ♦ HO  * HONO2 

and  the  destruction  by  the  photolytic  decomposition  step,  HONO2  ♦ hv  HO  ♦ NO2 
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The  photolysis  cross  section  in  the  wavelength  interval  of  irr^ortanoe  above  30  km  Is  well 
characterized  and  data  exist  for  both  [NO2}  and  [HO].  Thus  the  divergence  above  30  km  could 
imply  that  there  exists  a tnechanism  which  enhances  the  removal  rate  of  HONO2  which  is  not 
included  in  the  current  models.  However  the  recent  observation  of  larger  ultraviolet  fluxes  at 
this  altitude  than  predicted  (Frederick  and  Mental!  1961)  could  resolve  this  discrepancy.  The 
consistency  in  the  data  base  below  20  km  is  poor.  At  15  knv  the  observations  encompass  a range 
of  100  In  mixing  ratio,  and  it  is  impossible  to  draw  any  conclusion  from  the  overlap  in  the  range 
of  calculated  cases  (all  of  which  converge  In  the  lower  stratosphere). 


Figure  1-1  IF.  Conparison  between  calculated  NO  and  measurements  of  Roy  et  al.  (1981),  Ridley  and  Schiff 
(198i),  and  Ridley  and  Hastie  (1981). 


Figure  1-119.  Comparison  of  in  situ  and  remote  measurements  of  the  HNOg  mixing  ratio  at  northern 
mid-latitudes  with  1-D  calculations. 
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THE  REACTIVE  TRACE  CHLORINE  SPECIES 


Catalytic  Cyclas  Affacting  Odd  Oxygan 
There  are  three  major  catalytic  cycles  involving  chlorine 
Cycle  1 Cl  ♦ O3  -+  CIO  O2 


CIO  ♦ O ^ Cl  ♦ O2 


Net 

0 ♦ O3  -*■  2O2 

Cycle  2 

Cl  O3  - CIO  ♦ O2 

CIO  ♦ HO2  HOCI  * O2 


HO  ♦ O3  HO2  O2 
HOCI  + hv  HO  ♦ Cl 


Net 

O3  O3  -♦  3O2 

Cycle  3 

Cl  ♦ O3  CIO  + O2 

CIO  ♦ NO2  ‘ CIONO2 

NO  ♦ O3  NO2  * O2 

CIONO2  ♦ hv  - Cl  ♦ NO3 

NO3  ♦ hv  NO  O2 

Net 

O3  ♦ O3  ^2 

Figure  1-120  presents  a plot  of  the  conversion  rates  for  the  reactions  in  these  three  cycles  using 
case  6 reaction  rates.  At  altitudes  above  25  km,  cycle  1 is  dominant,  with  a contribution  from 
cycle  2 approaching  25%  at  25  km  altitude  diminishing  to  <1  % at  40  km.  Between  15  and  25  km, 
the  three  cycles  are  competitive.  However,  at  these  altitudes  odd  oxygen  destruction  is 
dominated  by  catalytic  cycles  which  do  not  invoke  chlorine.  Thus,  for  the  restricted  purpose  of 
determining  ozone  destruction  rates,  a determination  of  which  cycle  dominates  is  academic. 
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Figure  1-120.  Conversion  rates  for  the  Clj^  catalytic  cycles. 


Given  that  the  production  rate  of  NO3  is  not  controlled  by  the  photolysis  rate  of  chlorine  nitrate 
there  is  only  one  rnember  of  the  chlorine  family  involved  in  a rate  limiting  odd  oxygen  step, 
namely  CIO. 


Partitioning  of  Chlorine  into  the  Rate  Limiting  Radical  CIO 

HCI  is  believed  to  be  the  major  inorganic  chlorine  compound  in  the  stratosphere.  There  are  six 
major  reactions  involved  in  the  partitioning  of  HC!  into  CIO,  three  of  which  exchange  Cl  with 
HCI,  the  magnitude  of  which  are  indicated  in  Figure  1-121  as  a function  of  altitude,  and  three  of 
which  exchange  Cl  and  CIO  as  indicated  in  Figure  1-122.  The  functional  distinction  between  the 
reactions  in  Figures  1-121  and  1-122  is  that  those  in  the  former  control  the  ratio  of  [ClO^j  to 
(HCI)  (and  thus  to  the  concentration  of  total  chlorine),  while  those  in  the  latter  control  the 
ratio  of  (CIO)  to  (Cl).  It  should  be  noted  that  the  r<»tio  of  (CIO)  to  total  chlorine  concentration 
depends  sensitively  on  the  HO  concentration  below  40  km  (above  50  krrv  only  on  the  ratio  of 
(HO)  to  (HO2))  and  the  ratio  of  (CIO)  to  (Cl)  depends  upon  (NO)  below  30  km. 
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Figure  1-121.  Altitude  dependence  of  the  conversion  rates  between  Cl  and  HCI. 


Figure  1-122.  Altitude  dependence  of  the  interconversion  rates  between  Cl  and  CIO. 
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Otpenchmct  of  Chlorint  Partitionino  on  Rata  Conitmt  Atsumptiont 

Figure  1-123  shows  the  dependence  of  the  calculated  CIO  concentration  on  the  rate  constant  set 
assumed.  In  the  altitude  interval  between  40  to  50  km,  the  CIO  concentration  is  virtually  indepen- 
dent of  the  rate  constant  sets  used.  Partitioning  between  CIO  and  HCI  is  controlled  by  the 


reaction  set, 

HCI  +HO  H2O  ♦Cl  1 (ki) 

Cl  ♦CH4  HCI  ♦CH3  2 (k2) 

Cl  ♦ HO2  ^ HCI  ♦ O2  3 (k3) 

Cl  ^03  ^ CIO  +02  4 (k4) 

CIO  +NO  -*  Cl  +NO2  5 (ks) 

CIO  +0  Cl  +02  6 (k^) 


The  relationship  between  the  concentrations  of  CIO  and  HCI  can  be  expressed  as  follows: 


[CIO]  ^ [Cl]  . [CIO] 
[HCI]  [HCI]  ’ [Cl] 


k,[OH] 

k2[CH4l  +k3(H02] 


kglNO)  +kg[0] 


Figure  1 123.  Calculated  vertical  profiles  of  CIO  for  each  of  the  six  chemical  cases. 
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At  and  above  40  km,  however,  k5(0]»k5[N0],  and  In  addition,  k3[H02)  becomes  omparable  to 
or  larger  than  k2(CH4].  Thus,  the  expression  becomes, 


(CIO]  _ 
INCH 


k,(OHl 


kglHOj) 


k,(CHJ 


■QoT 


Because  both  [03]/[0]  and  [H0]/[H02]  are  independent  of  the  six  rate  constant  sets  (reactions 
of  HO  with  HONO2,  HO2NO2,  and  HO2  only  affect  the  sum  (HO)  + [MO2I,  not  the  ratio),  there  is 
a weak  dependence  of  [CIO]  on  [HO]  above  40  km.  The  hydroxyl  concentration  is  in  turn  only  a 
weak  function  of  the  rate  for  HO  + HO2  H2O  ♦ O2.  The  result  is  that  partitioning  of  chlorine 
into  the  rate  limiting  form,  CIO,  is  alntost  independent  of  the  rate  constant  set  above  40  km. 


In  the  altitude  interval  30  to  40  km,  the  CIO  concentration  becomes  increasingly  sensitive  to  the 
concentration  of  [HO]  both  because  inethane  dominates  the  conversion  of  Cl  to  HCI  and  because 
HC2  no  longer  buffers  the  chlorine  partitioning  against  changes  in  the  HO^  (HO  ♦ HO2) 
concentration.  In  addition,  reaction  5 dominates  in  the  conversion  of  CIO  to  Cl  below  35  km. 
Thus,  the  general  expression  beconies 


ICIO] 

[Hcn 


k^lHOl  k^tOg] 
kglCH^j  ' kgiNOl 


Above  30  km,  the  NO  concentration  is  independent  of  HO^  because  NO  and  NO2  dominate  the 
reactive  forms  of  nitrogen,  so  only  those  reactions  controlling  the  ratio  ot  NO  to  NO2  are 
relevant. 

In  the  altitude  interval  30  to  10  km,  the  CIO  concentration  has  almost  a quadratic  dependence  on 
[HO]  because  in  addition  to  the  dependence  expressed  above,  [NO]  is  (approximately)  inversely 
proportional  to  [HO].  The  key  point  is  that  [CIO]  is  an  extremely  sensitive  function  of  [HO] 
below  30  kin,  and  unfortunately  this  is  precisely  the  altitude  interval  for  which  no  observations 
of  [HO]  exist. 

The  dependence  of  [CIO]  on  assumptions  regarding  the  formation  rate  for  chlorine  nitrate, 
represented  by  the  difference  between  case  5 and  6 is  shown  in  Figure  1-124.  The  effect  of 
assuming  a factor  of  three  reduction  in  the  CIONO2  formation  rate  (and  the  corollary  assumption 
that  the  isomer(s)  formed  in  other  channels  photolyie  rapidly  following  sunrise)  is  most 
prevalent  In  the  altitude  Interval  25  to  35  km;  [CIO]  is  increased  by  30%  when  a slow  CIONO2 
formation  is  assumed,  all  other  factors  hdd  equal. 
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Figure  1-124.  Calculated  [CIO]  fo’’  the  fast  and  slow  CIONO2  formation  cases. 


Comparison  Between  Calculated  and  Observed  (CIO] 

Figure  1-125  gives  a comparison  between  the  experimental  data  obtained  at  mid-latitudes  and 
calculations  for  reaction  rate  sets  used  in  cases  1 to  5.  At  the  upper  altitude  extrcne  of  the 
observations,  there  appears  to  be  a strong  divergence;  the  calculated  distributions  (all  of  which 
converge  for  tlie  reasons  cited  in  the  preceding  section)  decreases  rapidly  with  height  above  37 
km,  while  the  observations  show  no  evidence  for  such  a decrease.  This  general  behavior  of  the 
in  situ  observations  is  substantiated  by  the  ground  based  mm-wave  emission  ifata  which  strongly 
imply,  via  the  emission  line  width,  that  there  is  significantly  more  CIO  in  tlie  vicinity  of  50  km 
than  that  calculated  by  current  models. 


TKACE  SPECIES 
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Notes  in  Cases 
Case  3 "Fasr  OH 'HONOa— H2O ’NO3 
Case  4 "Fast"  OH  ■ H02N02“*PR00 


10® 
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Figure  1-125.  Comparison  between  observed  and  calculated  [CIO] 

The  model  which  assumes  the  maximum  rate  of  HO^  recombination  to  H2O,  case  5,  exhibits  the 
best  agreement  with  the  observed  distribution  of  [CIO).  Below  30  lent,  however,  the  observations 
lie  decidedly  below  the  predicted  CIO  concentration.  Inclusion  of  the  fast  rates  for 

HO  HO2  - H2O  ♦ O2 

HO  ♦ HONO2  - H2O  ♦ NO3 


and 


HO  ♦ HO2NO2  H2O  ♦ NO2  O2 

siffiificantly  improve  the  agreement  between  the  calculated  and  observed  distributions  (compare, 
for  example,  case  1 and  case  5).  Both  the  in  situ  resonance  fluorescence  data  and  the 
balloon-borne  mm-wave  emission  data  suggest  that  less  CIO  exists  in  the  stratosphere  below  30 
km  than  is  predicted  by  the  models. 

The  result  of  changing  the  rate  data  for  chlorine  nitrate  formation  is  shown  in  Figure  1-126, 
where  the  CIO  concentration  is  plotted  for  cases  5 and  6.  A better  agreement  between  calculated 
and  measured  profiles  Is  achieved  in  the  middle  and  lower  stratosphere  for  the  case  of  'fast' 
chlorine  nitrate  formation,  but  in  the  critical  region  above  33  krn,  where  the  modeled  distribution 
decreases  much  more  rapidly  with  altitude  than  the  observations,  'slow'  CIONO2  formation 
improves  the  correlation  (though  clearly  the  nwchanism  of  chlorine  nitrate  formation  is  not  the 
solution  to  the  top  side  divergence).  Figure  1-126  also  serves  to  point  out  that  the  choice  of 
chlorine  nitrate  formation  rates  does  not  rectify  the  more  rapid  decrease  in  [CIO]  below  30  km. 
Nevertheless,  the  question  of  the  products  formed  in  the  reaction  of  CIO  and  NO2  remains 
serious  both  from  the  point  of  view  of  understanding  the  photochemistry  of  the  chlorine/ 
nitrogen  system,  and  for  the  restricted  question  of  ozone  depletion. 
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(CIO)  (cm  3) 


Figure  1-126.  Comparison  of  observed  [CIO]  with  the  fast  and  slow  CIONO2  formation  calculations  (cases 
5 and  6). 


The  altitude  interval  50  to  35  km  exhibits  the  largest  difference  between  observed  and  calculated 
CIO  distributions.  In  this  altitude  interval,  the  measurements  indicate  that  the  chlorine  budget  is 
dominated  by  HCI  and  CK).  Figure  1-127  compares,  for  case  6^  the  observed,  mean,  mid-latitude 
profiles,  and  the  calculated  profiles  for  HCI  and  CIO.  An  implication  of  Figure  1-127  is  that 
either  the  HO  concentration  at  35  km  and  above  is  significantly  greater  than  that  used  in  the 
iTK)del,  or  there  is  a mechanism  absent  from  the  rrK>del  which  converts  HCI  to  CIO^. 

In  the  altitude  interval  35  to  25  km  there  exists  the  closest  agreement  between  calculated  and 
observed  [CIO],  although  differences  between  the  mean  of  the  observations  and  the  minimum 
modeled  distribution  (case  5)  approaches  a factor  of  two  at  25  km.  There  are  important 
consequences  of  the  fact  that  less  CIO  is  observed  at  altitudes  below  3U  km  than  is  calculated. 
First,  the  nx>st  difficult  region  of  the  stratosphere  to  model  with  quantitative  accuracy  is  the 
lower  stratosphere.  The  characteristic  times  for  chemical  pruduction/destruction  are  of  the  same 
magnitude  as  the  transport  times  and  thus  details  of  the  physical  transport  become  critical  to 
the  quantitative  conclusions.  The  minimization  of  chlorine  induced  ozone  destruction  below  30 
km  shifts  the  emphasis  to  purely  chemical  questions,  thus  solidifying  and  simplifying  the 
conclusions.  Second,  the  low  CIO^  (Cl  CIO)  concentration  reduces  the  chemical  coupling  with 
other  systems.  For  example,  changes  in  [CIO],  given  the  observed  levels,  have  a negligible  effect 
on  the  nitrogen  system  through  the  reaction  CIO  ♦ NO2  ^ CIONO2  because  insufficient  CIONO2 
is  formed  to  constitute  a significant  portion  of  the  NO^  budget. 

In  the  altitude  interval  25  to  10  km  there  is  clearly  a need  to  extend  the  experimental  methods 
applied  at  higher  altitudes.  The  recently  observed  upper  limit  of  10  ppt  reported  by  Waters  et  al. 
(1%1)  at  23  km  and  the  results  from  numerous  in  situ  resonance  fluorescence  experiments, 
substantiate  the  general  conclusion  that  CIO  concentrations,  at  least  down  to  20  km,  fall  below 
predicted  levels. 


TRACE  SPECIES 
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Figure  1-127.  Comparison  of  the  mean  observed  [CIO]  and  [HCI]  profiles  with  calculated  profiles  using 
case  6 chemistry. 


In  this  altitude  regime,  it  is  important  to  consider  the  effect  of  the  choice  of  rate  constants  on 
the  HCI  concentration  and  the  CIONO2  and  HOCI  concentrations.  The  disagreement  between 
observed  and  calculated  [HCI]  which  peaks  between  20  and  25  km  is,  in  large  measure,  eliminated 
by  the  selection  of  the  'fast*  rate  constant  for  CIONO2  formation,  i.e.,  case  5.  At  altitudes 
between  25  and  30  km,  however,  inclusion  of  the  fast  CIONO2  formation  rate  significantly 
worsens  the  correlation  between  the  mean  of  the  [HCI]  data  and  the  calculated  distribution. 

COMPARISON  OF  MEASUREMENTS  AND  2-P  MODEL  CALCULATIONS  FOR  TRACE 
REACTIVE  SPECIES 

ODD  OXYGEN  SPECIES  <0^) 

The  odd  oxygen  species  [O3,  0(^P),  and  O^^D}]  are  in  photochemical  equilibrium  with  each  other 
throughout  the  stratosphere.  Thus  the  iatitudinal  and  seasonal  variations  of  0(^P)  and  0(^D)  can 
be  inferred  from  the  calculated  ozone  distribution,  and  a discussion  of  ozone  alone  captures  the 
features  of  the  2-0  model  calculations. 

Ozone 

For  most  species  the  observational  data  base  for  testing  models  of  stratospheric  chemistry  is 
sufficient  only  to  determine  whether  the  models  produce  observed  concentrations  within  a 
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factor  of  approximately  two  and  whether  observed  tendencies  as  a function  of  altitude  can  be 
simulated.  For  ozone,  on  the  other  hand,  the  data  base  is  sufficiently  large  that  more 
sophisticated  tests  of  the  models  can  be  made.  Because  predictions  of  bng  term  changes  in 
ozone  are  based  upon  results  from  one-  and  two-dimensional  models,  it  is  essential  that  the 
ability  of  these  models  to  simulate  observed  ozone  variations  on  the  longest  possible  time  scales 
be  assessed.  The  largest  end  most  well-established  variation  of  ozone  occurs  on  a seasonal  time 
scale.  It  is  natural  therefore  that  two-dimensional  models  should  be  designed  to  emphasize 
seasonal  variations  and  that  an  important  test  of  such  models  is  their  ability  to  simulate 
seasonal  variations  of  ozone  (and  other  long-lived  species).  This  will  be  the  focus  of  the  ozone 
comparisons  of  this  section. 

The  most  temporally  extensive  part  of  the  ozone  data  base  is  the  historical  record  of  columnar 
ozone  from  the  Dobson  station  network.  The  seasonal  and  latitudinal  variability  of  columnar 
ozone  based  on  these  observations  is  shown  in  Figure  1-128  (from  Dutsch,  1971).  Although  data 
coverage  from  this  network  is  not  truly  global  because  observations  have  been  predominantly 
made  at  mid-latitudes  of  the  Northern  Hemisphere,  the  first  2 years  of  BUV  satellite  data 
analyzed  by  Hilsenrath  et  al.  (1979)  suggest  that  the  principal  features  of  Figure  1-128  are 
realistic*  Figure  1-129  contains  a comparison  of  the  two-dimensional  model  calculation  of  C. 
Miller  et  al.  (1%1)  with  the  observations.  This  model  exhibits  a qualitatively  excellent  agreement 
with  the  observed  seasonal  and  latitudinal  variation  of  columnar  ozone  in  the  Northern 
Hemisphere. 

There  is  a general  tendency  for  two-dimensional  models  to  yield  smaller  diurnal  and  seasonal 
variations  in  columnar  ozone  than  those  observed.  At  601N,  for  example,  the  observations 
indicate  an  annual  maximum  100  Dobson  units  larger  than  the  minimurrv  wNIe  the  modeled 
variation  is  only  —50  Dobson  units.  Similar  results  are  obtained  with  other  2-0  (Whitten,  et  al*, 
1977)  and  3-0  (Cunnold  et  al.,  1980)  simulations.  The  degree  of  agreement  with  the  observations 
of  Figure  1-128  depend  primarily  on  the  pararrteters  used  to  describe  horizontal  and  vertical 
transport.  Since  these  have  been  obtained  in  an  ad  hoc  manner  from  available  meteorological  and 
composition  data,  agreement  in  Figures  1-128  and  1-129  (and  Figures  1-130  and  1-131)  indicate 
that  the  transport  param^rization,  which  lacks  a strong  physical  basis,  is  capable  of  being 
adjusted  within  reasonable  limits  to  give  adequate  agreement  with  the  observed  distribution  of 
ozone  (and  other  trace  species). 

Simulation  of  Northern  Hemisphere-Southern  Hemisphere  ozone  differences  has  been  attempted 
in  only  a few  two-dimensional  models  (e.g.,  Ko  et  al.,  1981;  Pyle,  I960).  It  seems  inappropriate 
to  test  the  capability  of  two-dimensional  models  to  simulate  interhemispheric  differences,  since, 
at  this  time,  differences  between  the  various  two-dimensional  models  in  simulating  Northern 
Hemisphere  ozone  variations  are  substantially  larger  than  the  observed  interhemispheric 
differences. 

The  data  base  for  two-dimensional  model  parameterizations  depend  primarily  on  Northern 
Hemispheric  input  data,  since  the  observational  data  (potential  temperature,  wind  fields,  etc.) 
are  more  readily  available  there.  Most  2-0  models  use  a data  base  that  is  essentially  symmetric 
north/south,  with  a 6-month  phase  lag.  Thus  it  is  most  appropriate  to  consider  the  current  2-D 
models  as  *Northern  Hemisphere*  models,  rather  than  global  models.  Since  most  observations  of 
short-lived  species  were  obtained  in  the  Northern  Hemisphere,  adopting  this  view  does  not 
significantly  restrict  the  utility  of  the  models  in  interpreting  the  measurements. 
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Figure  1-128.  The  observed  behavior  of  columnar  ozone  (Dobson  units)  as  a function  of  latitude  and  season 
(from  Outsch,  1971). 
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Figure  1-129.  Calculated  behavior  of  column  ozone  (in  Dobson  units)  from  the  two-dimensional  model  of 
C.  Miller  et  al.  (1981). 
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The  variation  of  ozone  with  altitude  in  the  bwer  stratosphere  has  been  well'characterized  by 
ozonesonde  obser^ions*  Figure  1-130  shows  the  seasondly-avenqied  distributions  obtained  by 
Hering  and  Borden  (1964).  The  uartical  structure  calculated  by  the  two-dimensional  model  of  C. 
Miller  et  al.  (1961)  is  shown  in  Figure  1-131.  The  Urgest  seasonal  changes  of  ozone  occur 
between  100  and  33  mbar  anu  are  associated  with  ozone  transport.  Again  the  degree  of 
agreement  with  the  observations  is  excellent  for  this  particuiv  model.  The  only  nrrtioeable 
disagreement  occurs  at  approximately  tropopause  heists  where  the  model  underestimates  the 
ozone.  This  model  deficiency  is  not  expected  to  have  serious  consequences  since  it  occurs  at 
heights  substantially  below  where  chlorine  affects  ozone. 

Figures  1-132  and  1-133  show  a con^rison  of  the  two-dimensional  model  calculations  by  Sze  et 
al.  (1961)  with  a supposedly  typical  observed  tystributlon  between  1 md  10  mbar.  (£0 
observations  (London  et  al.,  1977),  SAGE  observations  (McCormick,  personsd  communication, 
I960),  and  rocket  and  Umkehr  observations  indicate  that  the  principal  features  seen  in  the 
observation  shown  irr  Figures  1-132  md  1-133  are  realistic,  and  that  the  calculated  distribution  is 
not  siptificantly  different.  It  is  however  possible  that  this  model  (and  that  of  C.  Miller  et  al., 
1981)  may  overpredict  the  latitudinal  gradient  between  5 and  10  mbar  in  winter  perhaps  indicating 
that  temporary  reservoir  of  NO^  may  not  yet  have  been  fully  accounted  for. 

In  order  to  assess  the  relative  roles  of  transport  and  chemistry  in  the  two-dimensional  models, 
it  is  helpful  to  compare  the  phase  of  the  seasonal  cycle  at  various  altitudes  with  that  observed 
over  Arosa  (Diitsch,  1974)  (See  Figure  1-134).  In  both  the  observations  and  the  two-dimensional 
moctel  results,  below  40  mbar  ozone  possesses  a spring  maximum  associated  with  the  poieward 
and  downward  transport  of  ozone.  Between  5 and  10  mba:  on  the  other  hand  where  ozone 
appears  to  be  under  chentical  control  (e.g.,  Cunnold  et  al.,  1960)  the  ozone  maximum  occurs  in 
summer.  The  relative  roles  of  transport  and  chemistry  in  the  zonal-mean  bu  iget  suggested  by 
Figures  1-134  and  1-135  are  approximately  consistent  with  those  calculated  in  the 
three-dimensional  photochemical  dynamical  model  of  Cunnold  et  al.  (I960). 

A potentially  important  test  of  multi-dimensional  models  which  should  be  applied  shortly, 
consists  of  superposing  (almost)  simultaneous  global  observations  of  ozone  and  temperature  in 
the  middle  and  tipper  stratosphere.  The  observed  covariances  should  provide  an  important  test 
of  the  chemistry  and  of  the  relative  importance  of  transport  in  this  region.  Where  ozone  is 
controlled  by  chemistry,  the  temperature-dependent  chemical  loss  processes  produce  a negative 
correlation  between  ozone  and  temperature,  while  in  those  regions  where  transport  dominates  a 
positive  correlation  has  not  only  been  observed  (see,  for  example,  Cille  et  ai.,  1960b)  but  has 
been  simulated  in  models  (see  for  example,  Cunnold  et  al.,  1960).  Furthermore,  between  1 and 
110  mbar,  ozone  destruction  is  believed  to  contain  contributions  from  odd  hydrogen,  odd 
chlorine,  and  odd  nitrogen  species  in  addition  to  odd  oxygen.  Each  of  these  destruction 
processes  is  associated  with  a different  temperature-dependent  bss  rate  which  suggests  that  the 
ozone  temperature  covariance  should  help  to  elucidate  the  relative  roles  of  radical  families  in 
ozone  destruction.  Barnett  et  al.  (1975a)  were  the  first  to  use  this  anproach  and  suggested  a 
temperature  coefficient  consistent  with  a combined  HO^  Chapman  mectuxrism  chemistry  « 50*S 
at  approximately  1 mbar. 

ODD  HYDROOEN  SPECIES  (HO^) 

The  comparison  of  observed  HO  and  HO2  with  a 1-0  model  has  been  discussed  previously.  The 
1-0  and  2-0  calculated  \«rtical  profiles  of  HO  and  HO2,  appropriate  for  mid-latitude  conditions 
(^04^i)  are  very  similar.  Sin<»  latitudinal  and  seasonal  dka  for  l-tO^  ve  lacking,  validation  of  2-0 
model  results  are  n<rt  yet  possible.  Nevertheless,  it  is  instructive  to  show  the  meridional  cross 
sections  of  HO,  HO2  and  H2O2  (Figures  1-136,  137  and  138)  calculated  by  the  AER  2-0  model.  The 
species  that  sh^s  the  largest  variation  with  latitude  is  H2O2  ttsd  the  ie^t  is  HO. 
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DECEMBER  17, 1970 


Figure  1-132.  Observed  ozone  mixing  ratios  { ygm/gm)  BUV  observations  by  Krueger  et  al.  (1973)  for 

17  December  1970  (supposedly  typical  of  the  ozone  distribution  during  the  'olsticial  seasons). 
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Figure  1-133.  Calculated  ozone  mixing  ratios  (ppmv)  for  January  from  the  two-dimensionil  model  of 
Ko  et  al.  (1961). 
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Figure  1-134.  Mon'Sly  v^.  iations  in  ozone  concentration  in  nanobars  at  various  pressue  levels  (mbar)  from 
observatio^s  at  Arosa,  Switzerland,  47°N  (Dutsch,  1974). 
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Figure  1-135.  Monthly  variations  in  ozone  concentration  at  various  pressure  ve!s  as  calculated  by  C.  Miller 
et  al.  (1981). 
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Figure  1-136.  Calculated  meridional  cross  section  of  HO  (Ko  et  al.,  1981). 


Figure  1-137.  Calculated  meridional  cross  section  of  HO2  (Ko  et  al.,  1981 ). 
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Figure  1-138.  Calculated  meridional  cross  section  of  H2O2  (Ko  et  al.,  1981). 


ODD  NITROGEN  SPECIES  (NO^) 

Introduction 

The  section  on  1-0  modeling  in  this  chapter  details  the  changes  in  the  NO^  species  mid-latitude 
vertical  profiles  due  to  the  chemical  rate  set  updates  since  NASA  RP  1049.  Both  the  total  amount 
of  NOx  and  the  partitioning  of  that  amount  into  the  various  species  have  changed  considerably  in 
the  models.  These  chemistry  changes  have  in  general  significantly  improved  the  model 
comparisons  with  the  observational  data,  particularly  for  the  seasonal  and  latitudinal  variations 
of  the  major  species  (NO,  NO2,  and  HNO3),  so  that  today  a fairly  consistent  picture  Is  emerging. 

In  these  discussions,  the  Du  Pont  2-D  model  calculations  give  a band  corresponding  to  the 
seasonal  variations  of  the  daytime  average  mixing  ratio  for  each  species.  The  AER  calculations  are 
the  approximate  noontime  values  for  july. 

Nitric  Oxide  (NO) 

Altitude  }*Tofile 

The  measured  mid-latitude  vertical  mixing  ratio  profile  of  nitric  oxide  and  the  theoretical  calcula- 
tions are  shown  in  Figure  1-139.  The  measurements  are  characterized  by  a range  of  approximately 
a factor  of  four  from  the  tropopause  to  30  km,  increasing  to  about  a factor  of  10  at  50  km.  The 
calculations  fall  entirely  within  this  broad  range  of  observations  throughout  the  stratosplwre. 
The  calculations  lie  toward  the  higher  end  of  the  measurements  above  20  km,  with  a mixing  ratio 
at  50  km  of  about  20  ppb. 
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Figure  1-139.  NO  vertical  mixing  ratio  profiles.  Observations  at  mid-latitudes  indicated  by  the  band  with  square 
points.  Horizontally  striped  region  gives  the  seasonal  range  of  daytime  average  values  from  the 
Du  Pont  2-D  model  {C.  Miller  et  al.,  1981).  Dashed  line  gives  values  from  the  AER  2-D  model 
(Ko  et  al.,  1981)  for  July  noontime. 

Recently  Solomon  (1900)  has  shown  that  a thermospheric  source  of  NO  may  contribute  a signifi- 
cant downward  flux  of  NO  into  the  upper  stratosphere.  The  present  models,  which  neglect  this 
flux,  may  thus  underestimate  the  NO  concentration  at  50  km. 

Some  measurements  indicate  a wintertime  variation  in  the  mid-latitude  vertical  profile.  The 
calculations  do  not  show  large  seasonal  or  latitudinal  gradients  at  mid-latitudes,  with  only  a 
factor  of  ~ 2 such  variability  predicted  In  the  20  to  30  km  altitude  range. 


Latitudinal  and  Seasonal  I 'ariations 

Loewenstein  and  coworkers,  using  a chemiluminescent  instrument,  have  measured  the  seasonal 
and  the  latitudinal  variations  of  NO  at  18  and  21  km.  These  observations  are  reproduced  In 
Figure  1-140  along  with  the  calculations  (daytin>e  average)  from  the  Du  Pont  model.  The  gross 
features  of  the  observations  are  reproduced  by  the  model.  At  both  13  and  21  kn\  the  NO 
concentration  increases  with  latitude  during  the  summer  and  decreases  rapidly  above  during 
the  fall.  The  model  gives  similar  features,  with  the  only  significant  discrepancies  being  the 
underestimate  of  NO  In  the  tropics  at  18  km  (during  all  seasons)  and  the  und^estimate  for  high 
latitudes  at  21  km  (particularly  for  summer). 

The  current  chemistry  and  transport  piarameterization  gives  a good  representation  of  the  sharp 
falloff  of  NO  during  the  fall  above  50TM,  and  a reasonable  simulation  of  the  spring  observations. 
This  feature  could  not  be  reproduced  using  previous  chemical  reaction  rates. 
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The  seasonal  variations  of  NO  at  an  dtitude  of  21.3  knv  obtained  by  Loewenstein  and  co- 
workers, for  40^  latitude  are  shown  in  Figure  1-141,  along  with  Du  Pont  model  calculations  for 
449^  and  64^.  The  agreement  with  the  cakuitted  variation  at  44^  Is  poor,  although  the  64^ 
graph  indicAes  that  a similar  seasonal  variation  is  cakulated  at  higher  latitudes*  This  apparent 
discrepancy,  if  supported  by  further  measurements,  may  indicate  the  presence  of  a stronger  NO^ 
sink  in  the  lower  stratosphere  during  winter  than  the  models  cakulMe. 

Recently  Coffey  et  al.  (1961)  have  obtained  the  latitudinal  variations  of  the  NO  column  density 
above  12  km  during  summer  and  winter*  The  rNd-stratospherk  region  from  20  to  40  km  con- 
tributes most  to  the  NO  column,  although  stratospheric  models  (as  the  two  discussed  here)  with 
their  upper  IxMindaries  at  ->55  km  neglect  the  mesospherk  NO  concentration,  whkh  may 
contribute  ^-TO^  to  *he  column*  The  observations  ve  shown  in  Figure  1-142,  along  with  the 
cakulated  daytime  average  column*  Both  the  observations  and  the  model  show  little  latitudinal 
gradient  in  the  summer,  with  a sharp  decrease  beginning  at  about  45^  in  the  winter.  This  is 
similar  to  the  feature  obtained  by  the  in  situ  measurements  shown  in  Figures  1-140  and  1-141. 

The  cakulated  shape  of  the  NO  column  density  versus  latitude  is  qualitatively  similar  to  the 
observations,  but  the  predictions  are  too  high  by  a factor  of  1*3  in  the  tropics  increasing  to 
about  two  for  high  latitudes  In  winter.  The  more  limited  measurements  by  Girard  et  al.  (1978) 
are  higher  than  those  of  Coffey  et  al.  (1981)  by  about  40%,  so  the  overprediction  may  be  less 
than  suggested  in  Figure  1-142. 


Figure  1-141.  NO  seasonal  variations  at  21  km,  40*N  latitude.  Pointt  are  observations  of  Loewenstein  et  al. 
(1977).  Labeled  solid  curves  are  Du  Pont  model  calculations  for  44*N  and  64°N. 
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Figure  1-142.  NO  column  densities  above  12  km.  Points  are  observations  of  Coffey  et  al.  (1981  summer, 

• = winter.  Curves  are  calculations  from  the  Du  Pont  2-D  model:  solid  = summer,  dashed  = winter. 


Nitrogen  Dioxide  (NO2) 

Altitude  l^rofile 

The  measured  vertical  mixing  ratio  profile  for  NO2  at  30t^l  latitude  is  shown  in  Figure  1-143, 
along  with  the  model  calculations.  Nitrogen  dioxide  exhibits  considerable  diurnal  variation  during 
the  daytime,  with  sunset  values  (shown  in  Figure  1-143)  about  twice  those  at  sunrise.  Allowing 
for  diurnal  corrections,  one  concludes  that  the  modeled  shape  fits  the  observations  and  that 
quantitative  agreement  to  within  about  5U%  is  evident  from  20  to  40  km. 

Latitudinal  and  Seasonal  I'ariations 

The  seasonal  variations  of  NO2  are  best  characterized  by  the  column  measurements  of  Noxon 
(1979),  which  indicate  a strong  winter  minimum  at  6519.  Figure  1-144  gives  Noxon's  data  for  6519 
and  4019,  along  with  2-D  model  calculations  for  the  appropriate  latitudes.  The  nx>del  reproduces 
the  winter  minimun\  with  approximately  the  right  amplitude,  at  6519.  The  model  significantly 
understimates  the  seasonal  variations  for  NO2  at  4019,  however,  just  as  was  the  case  for  the  NO 
seasonal  variations  at  21.3  km  altitude  (see  Figure  1-141).  It  is  apparent  that  there  is  a process 
operating  in  the  real  atmosphere,  leading  to  a sharp  winter  minimum  in  both  NO  and  NO2  at 
~4519,  which  the  2-D  models  do  not  adequately  reproduce. 
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Figure  1-143.  NO2  vertical  mixing  ratio  profiles  near  30  N.  Points  are  observations.  Striped  region  gives  seasonal 
range  of  calculated  daytime  average  mixing  ratios  from  the  Du  Pont  model.  Dashed  curve  is  AER 
model  profile  for  July  noontime. 


Figure  1-145  illustrates  the  column  partitioning  of  the  important  daytime  NO^  species.  I-IMO3 
dominates  toward  the  poles,  especially  in  the  winter.  The  conversion  of  NO  and  NO2  to  other 
NO^  species  in  the  real  atmosphere  evidently  takes  place  at  mid-latitudes  more  completely  during 
the  winter  than  the  models  calculate.  This  may  represent  a transport  parameteri^ation  inadequacy 
or  a remaining  inaccuracy  in  the  model  chem'Stry.  Since  the  same  qualitative  features  occur  in 
several  models,  with  quite  different  transport  schemes,  an  inadequacy  in  the  chemical  scheme 
may  be  indicated. 


<S1  LATITUDE  (Ml 

Figure  1-145.  Variation  of  NO^  column  deniities  with  latihide.  Calculated  daytime  average  vertical  columns 
(above  15  km)  for  the  major  NO^  species  (C.  Miller  et  al.,  1981 ). 
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B<Mh  Noxon  and  coworkers  and  Coffey  et  ai.  (1961)  have  measured  the  f'lOj  column  abundance  as 
a function  of  latitude  for  several  seasons.  All  these  groups'  published  ;<*sults  are  collected  in 
Figure  1-146*  The  summer  measurements  show  a monotonic  increase  with  latitude,  by  about  a 
factor  of  two  from  the  Equator  to  60t<l.  The  winter  measurements  show  a rapid  decrease  between 
45*  and  501^,  sometimes  called  the  *Noxon  cliff*.  As  discussed  above,  the  model  is  best 
interpreted  as  a Northern  Hemisphere  model,  so  the  (symmetric)  continuation  of  the  calculated 
column  to  the  Southern  Hemisphere  is  not  shown. 


Figure  1-146.  NO2  vertical  column  densities  versus  latitude.  Collected  data  by  Noxon  and  coworkers  and  Mankir. 

ind  coworkers  given  as  points.  Solid  lines  are  Du  Pont  2-0  model  calculations  for  summer  (upper 
curve)  and  winter  (lower  curve). 


The  calculations  shown  in  Figure  1-146  reproduce  the  qualitative  features  of  these  column  varia- 
tions. The  upper  curve  is  the  summer  variation,  and  the  lower  curve  is  for  winter.  The  small 
seasonal  variation  for  low  latitudes  is  apparent,  as  well  as  a monotonicaliy  increasing  column 
with  latitude  in  summer  and  a sharply  decreasing  one  (at  ->45*)  in  the  early  winter.  The  model's 
latitudinal  resolution  is  not  sufficient  to  calculate  sharp  features  like  the  Noxon  cliff.  However, 
a significant  decrease  in  NO2  at  high  latitudes  in  winter  is,  for  the  first  time,  dearly  indicated  by 
the  calculations. 
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The  species  NO2  participates  in  several  key  rate-limiting  steps,  including  the  reaction 
NO2  * O NO  ♦ O2 

which  determines  the  rate  of  nitrogen -catalyzed  ozone  destruction.  Figure  1-147  gives  an 
altitude-latitude  contour  plot  of  the  daytime  average  NO2  concentration  for  the  Northern 
Hemisphere's  late  winter  season.  (The  nighttime  average  values  are  50%  higher.)  Calculated 
values  exceed  2x10^  cm^  at  -30  km  everywhere  except  near  the  Equator.  Very  steep  vertical 
gradients  are  evident  in  the  lower  stratosphere,  especially  at  high  latitudes. 


LATITUDE 

Figure  M47.  NO2  concentrations  versus  altitude  and  latitude.  Contour  labels  give  the  daytime  average  NO2 
concentration  (molecules/cm)  calculated  with  the  Du  Pont  model,  for  March  1. 


Model  calculations  made  with  the  chemical  reaction  rate  set  of  NASA  KP  1049  could  not  simulate 
the  seasonal  and  latitudinal  variations  of  NO,  NO2,  and  (as  discussed  below)  HNO3.  The 
improvement  documented  here  has  occurred  with  the  subsequent  chemical  reaction  rate  updates. 
The  single  most  important  change  was  the  large  increase  in  the  rate  for  HO  * HNO3,  which 
reduced  the  HNO3  concentration  neai  the  poles  and  significantly  altered  NO^  partitioning  in  the 
iower  stratosphere. 
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Nitric  Acid  (HNO3) 

Altitude  Profile 

The  observed  mid-latitucle  vertical  mixing  ratio  profile  of  HNO3  is  siK>wn  in  Figure  1-148,  along 
with  the  2-0  model  calculations.  Bdow  25  knv  theory  and  observations  are  now  in  reasonable 
agreement.  The  current  calculations,  using  the  faster  reaction  rate  for  HO  + HNO3  of  Wine  et  al. 
(1961b),  are  significantly  improved  over  results  using  NASA  RP  1049  chemistry  below  25  km  alti- 
tude and  are  in  agreement  with  1-D  model  calculations. 

Above  25  km,  tlie  calculations  significantly  overestimate  the  measured  amount  of  HNO3.  This 
overestimate,  which  is  about  a factor  of  three  at  30  to  35  kn\,  cannot  easily  be  explained  on  the 
basis  of  the  current  chemical  scheme.  The  discrepancy  is  also  noted  in  the  1-0  models  and 
persists  from  the  previous  chemical  rate  sets. 

Latitudinal  and  Seasonal  Variations 

Minimal  seasonal  variations  are  observed  for  the  KNO3  column  below  30N  latitude,  while  at  high 
latitudes  the  seasonal  variations  become  more  pronounced,  with  a wint»  maximum.  These  quali- 
tative features  of  the  seasonal  variations  in  the  total  HNO3  column  are  reproduced  by  the  models 
with  the  current  chemical  rate  data  (see  Figure  1-145) 

The  latitudinal  variations  of  HNO3  obtained  by  Murcray  and  coworkers,  and  Coffey  et  al.  (1981), 
are  shown  in  * igure  1-149.  A consistent  picture  is  clearly  indicated,  with  the  column  increasing 
from  a minimum  of  2 to  3x10*^^  cm*^  at  the  Equator  to  about  16x10'*'^^  cm"^  at  6(W.  This  rapid 
variation  is  simulated  by  the  calculations,  including  the  seasonal  variations  from  summer  (bottom 
solid  curve)  to  winter  (top  solid  curve),  'ihe  dominant  contribution  to  the  column  comes  from 
the  15  to  25  km  region  of  the  lower  stratosphere  where  transport  effects  are  significant. 

The  improved  con^rison  between  the  calculations  and  observations  is  due  both  to  the  addition 
of  new  measur^nents  and  to  improvements  In  the  chemical  reaction  rate  set.  The  models'  over- 
estimate by  a factor  of  -3  noted  in  the  mid-latitude  vertical  HNO3  profiles  above  30  km  remains 
a significant  discrepancy. 

Nitrogen  Trioxide  (NO3) 

Recently  Naudet  et  al.  (1981)  obtained  a vertical  mixing  ratio  profile  for  NO3  at  night,  from 
latitude  43^  in  September.  Figure  1-150  gives  the  measured  concentration  profile,  along  with  two 
profiles  of  nighttime  averaged  NO3  obtained  with  the  Du  Pont  2HD  model.  Because  of  the  rapid 
variation  of  the  solar  zenith  angle  with  time  during  September,  the  calculated  NO3  profile 
changes  quite  rapidly.  The  model  does  not  predict  a minimum  for  the  nighttime  column  NO3 
during  the  summer,  as  indicated  in  a limited  number  of  measurements  by  Noxon. 

Peroxynitric  Acid  and  Nitrogen  Pentoxida  (HO2NO2  ind  N20g) 

Peroxynitric  acid  (HO2NO2)  has  not  been  detected  in  t'  e stratosphere.  The  current  20  nvodel 
calculations  indicate  that  the  HO2NO2  mixing  ratio  peaks  at  ^0.4  ppb,  at  about  25  km  altitude, 
for  mid-latitudes. 
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Figure  1-148.  HNO^  vertical  mixing  ratio  profiles  near  30°N.  Observations  given  by  points.  Banded  region  gives 
seasonal  range  of  daytime  average  mixing  ratio  from  the  Du  Pont  model.  Dashed  curve  gives  AER 
model  results  for  July  noontime. 
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Figure  1-149.  HNO^  vertical  column  densities.  Points  give  data  of  Murcray  and  coworkers  and  Mankin  and 

coworkers.  Vertical  banded  region  gives  seasonal  variations  (upper  ■ winter,  lower  - summer)  of 
daytime  average  column  from  Du  Pent  model.  Dashed  curve  gives  AER  model  results  for  July. 
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Figure  1-150.  Nighttime  NO^  vertical  profiles.  Bars  give  observations  of  Naudet  et  al.  (1981).  SolH  curves  give 
Du  ‘*ont  model  calculations  of  the  nighttime  average  concentration  for  the  two  nearest  "seasons." 

No  positive  detection  of  N2O5  in  the  stratosphere  has  been  reported.  Its  calculated  peak 
nighttime  mixing  ratio  at  mid-latitudes  is  ^3ppb,  near  32  km  altitude  with  much  larger  values 
near  the  winter  pole. 

Summary  for  NOj^ 

Significant  changes  in  several  important  reaction  rates  involving  NO^  species  have  occurred  since 
the  publication  of  NASA  RP  1049.  These  changes  have  improved  the  comparison  between  the 
rxidel  predictions  and  observations  for  the  odd  nitrogen  species.  The  calculated  mid-latitude  NO 
vertical  profile  and  the  qualitative  features  of  the  NO  seasonal  variations  now  agree  with 
observations  below  35  km.  The  calculated  NO2  mid-latitude  vertical  profile  agrees  with  the 
observations,  especially  those  at  the  higher  end  of  the  observed  range.  The  NO  and  NO2  vertical 
column  abundances  in  the  2-D  models  vary  with  latitude  and  season  in  a manner  jualitatively 
similar  to  the  observations,  with  a feature  analogous  to  the  Noxon  ’cliff’. 

The  predicted  HNO3  mid-latitude  vertical  profile  in  the  bwer  stratosphere  has  been  improved 
with  the  chemistry  updates  and  now  agrees  quite  well  with  the  observations,  although  a factor 
of  three  overprediction  of  HNO3  at  -30  km  persists.  The  column  abundance  of  HNO3  in  the  2-D 
rrx>dels  varies  with  latitude  and  season  consistent  with  the  observations. 

Although  the  gross  features  of  the  latitudinal  and  seasonal  NO^  variations  are  simulated  by  the 
models,  several  quantitative  disagreements  p>ersist.  The  seasonal  variations  are  not  well  modeled, 
especially  in  the  401^  to  SON  region  during  the  winter.  The  observed  columns  of  NO  and  NO2 
show  sharp  variations  at  high  latitudes  in  winter  that  are  not  reporduced,  indicating  either  that 
the  2-D  models  are  not  properly  simulating  some  feature  of  NO^  chemistry  or  else  that  they  do 
not  adequately  describe  ’local’  (i.e.,  occurring  over  i.lO’  in  latitude)  transport  prop>erties  in  this 
region . 
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ODD  CHLORINE  SPECIES  (Cl^) 

Stratospheric  levels  of  Clx  are  expected  to  be  increasing  with  time  as  a result  of  anthropogenic 
emissions  at  the  ground.  In  both  sets  of  model  calculations  presented  here^  estimates  are  given 
for  the  Clx  species  concentrations  in  the  stratosphere  for  the  present  day  (mid-ISSO),  corre- 
sponding to  an  upper  stratospheric  mixing  ratio  of  2.0  to  2.2  ppb  total  Clx.  The  sources  of  the 
Clx  in  the  models  are  CH3CI  and  CCI4,  with  fixed  ground-level  mixing  ratios,  and  the 
anthropogenic  species  CH3CCI3,  CCI3F,  and  CCI2F2  h^ed  on  historical  estimates  of  the 
ground-level  release  fluxes. 

Hydrogen  Chloride  (HCI) 

Figure  1-151  gives  a comparison  between  the  observed  HCI  profiles  measured  by  high  resolution 
absorptior  spectroscopy  (at  mid-latitudes)  and  the  calculated  results  from  two  2-D  models.  The 
range  of  variations  over  the  year  1960  at  301M  latitude  is  shown  for  the  Du  Pont  model,  while  the 
AER  model  gives  the  noontime  profile  for  July  1960.  The  calculations  fall  toward  the  middle  to 
high  end  of  the  observations  from  the  tower  stratosphere  up  to  30  km.  However,  the  data  at  35 
to  40  km  possibly  indicate  an  HCI  mixing  ratio  (-^2  ppb)  somewhat  larger  thw  the  calculated 
values  (-^1.5  ppb).  These  calculated  vertical  profiles  for  HCI  at  mid-latitudes  are  very  similar  to 
those  obtained  with  1-D  models. 

Figure  1-152  presents  the  latitudinal  variations  in  the  column  abundance  of  HCI  measured  by 
Girard  et  al.  (1981)  above  11  km  during  the  spring.  These  are  the  only  available  observations  of 
column  HCI  latitudinal  variations.  They  are  clearly  characterized  b/  a minimum  at  the  Equator  and 
an  increase  toward  the  poles.  Also  shown  in  the  figure  is  the  daytime  average  column  calculated 
with  the  Du  Pont  2-D  model.  The  calculations  show  Northern  Hemisphere  variations  similar  to 
those  observed  except  near  the  Equator,  where  the  calculated  values  are  a factor  of  two  higher 
than  the  upper  limit  of  the  observations. 

Chlorine  Oxide  (CIO) 

The  calculated  rJtitude/latitude  contour  plot  of  the  daytime  average  CIO  concentration  is  shown 
in  Figure  1-153.  Above  10  km  in  the  winter  hemisphere,  the  calculated  (CIO)  decreases  with 
latitude  from  the  Equator  to  the  poles,  while  latitudinal  gradients  in  the  summer  hemisphere  are 
less  pronounced.  At  a fixed  altitudcv  the  calculated  concentration  is  higher  in  summer  than  in 
winter.  These  seasonal  variations  directly  follow  those  of  the  HO  radical,  which  affec*'*  Clx 
paititioning. 

The  la.  gest  calculated  daytime  average  CIO  concentrations  ("hKlO^  cm?)  occur  at  ■“  30  kin 
altitude  for  latitudes  from  0^  to  50^  in  the  summer  hemisphere.  In  the  winter  hemisphere,  the 
altitude  giving  the  largest  concentration  increases  with  latitude,  reaching  -40  km  at  65*.  The 
concentration  at  a given  altitude  is  larger  during  summer  than  winter,  with  a factor  of  two 
seasonal  variation  near  30  km  at  5tP  latitude. 

The  in  situ  CK)  measurements  at  TOt'l  latitude  are  compared  with  the  naodel  calci'lations  in  Figure 
1-154.  If  one  excludes  the  two  high  CIO  profiles  as  being  not  representative  of  the  'normal* 
range  for  this  species,  the  calculated  profiles  fall  at  the  high  end  of  the  measurements  at  -25  km 
and  deviate  toward  the  low  end  at  - 40  km.  The  mid-latitude  calculations  are  similar  to  those 
obtained  with  1-D  models. 
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Figure  MSI.  HCI  vertical  mixing  ratio  profiles  near  30*N.  Outer  curves  give  range  of  observations  from  IR 
absorption  spectroscopy.  Horizontal  banded  region  gives  seasonal  range  of  Ou  Pont  model  cal- 
culations (C.  Miller  et  al.,  1981)  for  daytime  average  HCI  mixing  ratio.  Dashed  curve  gives  AER  model 
profile  (Ko  et  al..  1981 ) for  July  noon. 


Figure  M52.  Vertical  HCI  column  densities  versus  latitude.  Banded  regions  are  observational  data  of  Girard  et  al. 

(19781.  Solid  curves  give  the  seasonal  range  of  daytime  average  columns  from  the  Du  Pont  model. 
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Figure  M53.  CIO  corKcntretion  versus  altitude  and  latitude.  Contour  labels  give  CIO  concentration  in  molecules/ 
cm^,  calculated  with  the  Du  Pont  model,  for  July  1960. 
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Figure  1-154.  CIO  vertical  mixing  ratio  profiles  near  30*N.  Connected  points  are  observational  data  of  Anderson 
and  coworkers.  Baivded  region  gives  seasonal  range  of  daytime  average  values  from  the  Ou  Pont 
model.  Dashed  curve  gives  AER  moilel  calculations  for  July  noontime.  (C.  Miller  et  al.,  1980b) 
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Below  35  kn%  the  i^reement  between  calculated  and  observed  CIO  profiles  is  improved  using  the 
chemistry  given  in  this  report,  compared  with  the  earlier  recommendations  of  NASA  RP  1049.  The 
net  result  of  the  changed  reaction  rates  is  to  reduce  abundances  of  the  HO  radical  in  the  lower 
stratosphere  and  thereby  to  shift  the  partitioning  of  the  Clx  family  away  from  the  catalytkally 
active  forms  (CK),  Cl)  and  toward  HCI.  The  average  slopes  of  the  calculated  and  observed  CIO 
vertical  profiles  between  25  and  30  km  are  now  similar. 

Above  35  kiT\  the  c^culations  show  a decrease  in  the  slope  of  the  vertical  profile  of  CIO  with 
altitude,  with  a maximum  In  the  mixing  ratio  profile  between  35  and  40  km.  This  feature  is  not 
found  in  the  envelope  of  the  observations,  although  sorne  of  the  individual  profiles  exhibit  such 
behavior.  The  agreement  between  both  1-0  and  2-D  models  and  the  observations  for  CIO  above 
35  km  is  not  good,  suggesting  a remaining  inaccuracy  or  an  unknown  mechanism  in  the  current 
cliemistry  scheme. 

Parrish  et  al.  (1981)  have  measured  CIO  at  42^  in  winter  using  a mm-wave  emission  technique, 
and  their  results  are  consistent  with  the  vertical  profile  of  the  in  situ  measurements.  The  winter 
1980  vertical  column  density  of  CIO  above  24  km  altitude  obtained  by  Parrish  et  al.  (1961)  was 
IxlO*^^  molecules  cm^,  while  a 2-D  model  calculation  (C.  Miller  et  al.,  1981)  for  the  same  season 
and  latitude  gives  a daytime  average  value  -^40%  lower. 

Cl  Atom,  Chlorine  Nitrate  and  Hypochlorous  Acid  (CIONO2  and  HOCI) 

The  calculated  latitudinal  variations  of  the  daytime  atomic  chlorine  concentration  above  35  km 
are  small  ("20%)  except  toward  the  winter  pole.  The  calculations  for  mid-latitudes  show  little 
seasonal  variation  and  vertical  profiles  similar  to  those  of  1-D  models  in  the  ~ 35  to  45  km  region 
for  which  the  only  observations  exist. 

The  calculated  CIONO2  mixing  ratio  using  the  chemistry  recommended  in  this  report  is  a factor 
of  about  three  lower  than  that  obtained  with  the  chemistry  given  in  NASA  RP  1049.  The  vertical 
profiles  of  CIONO2,  in  both  the  1-D  and  2-D  models,  exhibit  a sharp  maximum  at  - 30  km 
altitude,  with  a daytime  average  mixing  ratio  of  ^0.2  ppb  there.  These  calculations  are  well 
below  the  measurements  of  Murcray  ^ al.  (1980),  which  are  interpreted  above  as  giving  a 
tentative  upper  limit  of  1 ppb  in  the  altitude  range  25  to  35  km. 

The  maximum  HOCI  mixing  ratio  (daytime  and  nighttime  averages  -0.1  and  0.3  ppb,  respectively) 
is  calculated  to  occur  at  -35  km  altitude  in  the  summer  hemisphere,  with  the  altitude  of  the 
maximum  increasing  significantly  with  latitude  toward  the  winter  pole.  No  stratospheric  nieasure- 
ments  of  HOCI  have  been  reported. 

Total  Chlorine 

Both  sets  of  2-D  model  calculations  discussed  in  this  section  are  for  the  year  1980,  based  on 
historical  ground  level  release  rates  for  CCI3F,  CCI2F2,  and  CH3CCI3,  and  fixed  ground  level 
mixing  ratios  of  CH3CI  and  CCI4.  They  calculate  2.0  to  2.2  ppb  total  Cl,  in  the  upper  strato- 
sphere. By  comparison,  the  total  chlorine  measurements  of  Berg  et  al.  (1900)  indicate  the 
presence  of  -3  ppb  Cl^  for  the  late  1970s.  The  in  situ  measurements  of  HCI  and  CIO  at  - 40 
km,  while  showing  a large  range  of  values,  give  a mean  total  Cl^  amount  of  -3  ppb. 


TRACE  SPECIES 


l-IttS 


Adjustments  to  the  existing  ground  level  organic  Cl^  sources  in  the  models,  within  the  uncer* 
tainty  range  of  the  observations,  could  be  made  to  obtain  ^3  ppb  Clx  at  high  altitudes*  The  size 
of  the  additional  source  would  be  simitar  to  that  due  to  FC-11  and  FC~12.  However,  an  increased 
ground  level  Cl^  source  would  also  cause  an  increase  in  lower  stratospheric  HCI  and  CIO.  Since 
the  calculations  for  both  these  species  currently  fall  at  the  high  end  of  the  observations  near  25 
kn\  an  upward  adjustment  in  Cl^  would  weaken  the  agreement  with  HCI  and  CIO  measurements 
in  the  lower  stratosphere. 

Summary  for  Chlorine  Species 

The  chemical  reaction  rate  changes  since  NASA  RP  1049  haw  improved  the  agreement  between 
models  and  m>easurements  for  HCI  and  CIO  in  the  lower  stratosphere.  However,  the  models  now 
appear  to  predict  too  little  HCI  (by  -^50%)  and  CIO  (by  about  a factor  of  two)  at  40  km.  These 
observations  and  total  chlorine  measurements  suggest  wi  upper  stratospheric  Cl^  mixing  ratio  (in 
1980)  of  *^3  ppb,  about  50%  larger  than  obtained  with  the  models. 

Measurements  of  the  Cl^  species  have  generally  been  restricted  to  mid-latitudes.  The  only 
extensive  observational  data  on  latitudinal  variations  of  chlorine  species  are  Girard  et  al.'s 
recent  MCI  co'jmn  measurements.  The  2-0  models  give  qualitatively  the  same  features  as  these 
HCI  measurements,  with  a minimum  near  the  Equator  and  a column  increasing  rapidly  toward  the 
poles. 
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MULTIDIMENSIONAL  ASPECTS:  OZONE,  TEMPERATURE 

AND  TRANSPORT 


INTRODUCTION 


Our  understanding  of  the  photochemistry  of  the  ozone  layer  has  been  increasing  steadily  over 
the  past  several  years.  Many  types  of  studies  including  laboratory  chemical  kinetics,  remote  and 
in  situ  measurements  of  trace  species,  and  photochemical  modeling  have  provided  essential 
information.  However,  without  doubt,  it  is  the  one-dimensional  photochemical  model  which  has 
played  the  central  role  in  the  scientific  assessment  of  possible  anthropogenic  threats  to  the 
ozone  layer.  Such  models,  which  parameterize  the  entire  effects  of  atmospheric  motions  by  use 
of  a vertical  eddy  diffusion  coefficient,  reduce  the  complex  three-dimensional  interplay  of  atmo- 
spheric nx>tions  and  trace  constituent  budgets  to  rather  simple  budget  equations  for  the  (glo- 
bally and  annually  averaged)  vertical  profiles  of  the  various  constituents.  The  limited  number  of 
degrees  of  freedom  in  these  models  makes  it  feasible  to  carry  out  a wide  variety  of  perturbation 
studies  with  rather  complete  chemistry.  However,  the  global  and  temporal  averaging  implicit  in 
such  models  introduces  uncertainties  which  are  difficult  to  evaluate  in  a precise  manner.  Thus, 
for  example,  the  National  Academy  of  Sciences  (NAS)  panel  on  Atmospheric  Chemistry  stated 
that  their  estimate  of  the  steady-state  ozone  depletion  due  to  release  of  chlorofluoromethanes 
was  uncertain  by  a factor  of  two  due  to  the  crude  treatment  of  atmospheric  transport  in 
one-dimensional  models  apart  from  all  other  uncertainties. 

For  some  purposes,  these  uncertainties  perhaps  can  be  tolerated.  However,  it  is  clear  that  for  a 
completely  safisfactory  scientific  understanding  of  the  ozone  layer  it  is  necessary  to  consider  the 
full  three-dimensional  spatial  variability  as  well  as  the  temporal  variability  of  all  the  trace  species 
relevant  to  the  ozone  budget.  Such  an  approach  demands  explicit  understanding  and  modeling  of 
the  three-dimensional  transport  and  dispersion  due  to  atmospheric  motions  together  with  con- 
tinuing comparison  of  model  results  with  the  observed  three-dimensional  (four-dimensional 
including  time)  temperature,  wind,  and  composition  structure. 

Recent  work  on  the  photochemistry  of  ozone  as  reviewed  by  Cicerone  (1931)  at  well  as  in  other 
chapters  of  this  report  indicates  that  there  are  still  important  uncerta'nties  ,n  the  chemistry, 
primarily  involving  the  roles  of  the  hydroxyl  radical  and  certain  intermediat.'  storage  molecules 
(e.g.,  CIONO2)  in  the  lower  stratosphere.  Since,  in  the  lower  stratosphere,  chemical  and 
dynamical  time  scales  are  comparable,  chemical  composition  must  depend  crucially  on 
atmospheric  transport  and  dispersion.  Significant  further  reduction  of  the  uncertainty  in  ozone 
perturbation  predictions  may  thus  require  multidimensional  models  which  incorporate  the  effects 
of  temporal  and  spatial  variability  in  the  lower  stratosphere  (below'-TS  km).  The  purpose  of  this 
chapter  is  to  review  our  capability  for  obtaining  four-dimensional  data  on  stratospheric  struc- 
ture, dynamics,  and  ozono;  to  review  some  of  our  advances  in  knowledge  that  have  come  from 
analyses  of  these  data  sets;  and  to  review  progress  in  the  development  of  multidimensional 
models  of  the  stratosphere.  Ozone  is  singled  out  in  this  chapter  as  a stratospheric  constituent, 
not  only  because  of  its  importance  but  also  because  multidimensional  ozone  observations  are  in 
a far  more  advanced  state  than  is  the  case  for  any  other  stratospheric  constituent. 

A major  theme  of  this  chapter  is  the  interplay  of  observational  and  trteor^ical  (modeling)  work. 
Global  observations  are  clearly  necessary  to  establish  a data  base  for  validating  results  from 
multidimensional  nwdels.  Clever  analysis  of  data  can  reveal  processes  and  phenomena  which  may 
demand  new  modeling  strategies  (e.g.,  vertical  momentum  transfer  by  small-scale  gravity  waves). 
Equally  important,  but  less  appreciated,  >s  the  potential  role  of  models  in  guiding  our  observing 
strategies.  A proper  understanding  of  the  four-dimensional  variability  of  the  stratosphere  is 
necessary  In  order  to  begin  to  view  In  their  proper  framework  the  measured  one-dimensional 
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vertical  profiles  discussed  in  the  previous  chapter.  Local  vertical  profiles  obviously  cannot  be 
used  indiscriminately  for  validating  one-dimensional  (globally  averaged)  photochemical  models. 
Such  profiles,  however,  can  play  an  important  role  in  delineating  the  vertical  distribution  of 
various  trace  species,  and  may  also  implicitly  contain  information  on  the  effects  of  transport  and 
dispersion.  However,  in  the  absence  of  proper  three-dimensional  observations  there  has  been  a 
tendency  in  some  quarters  to  overinterpret  local  vertical  profiles.  One  role  which  multi- 
dimensional modeling  can  play  is  in  helping  experimenters  to  interpret  local  vertical  profiles. 

The  discussion  of  multidknensional  aspects  of  the  stratosphere  is  divided  into  four  major  sec- 
tions: observations,  analysis  and  interpretation,  modeling,  and  transport  of  trace  species.  In  the 
first  section  there  are  discussions  of  global  observations  of  ozone  by  both  ground-based  and 
satellite  techniques  and  observation  of  stratospheric  temperature  by  satellite  techniques.  This 
section  includes  a summary  of  the  temporal  and  spatial  coverage  of  these  data  as  well  as  a 
discussion  of  the  accuracy  and  limitations  of  these  data.  Since  routine  in  situ  nreteorological 
soundings  (radiosonde  and  meteorological  rockets)  have  been  summarized  thoroughly  in  NASA  RP 
1049,  such  measurements  will  not  be  discussed  in  any  detail  hcH'e.  However,  this  section  does 
discuss  the  potential  of  ground-based  wind  measurements  utilizing  the  so-called  MST  radar 
systems  for  studying  short  period  dynamics,  and  the  importance  of  research  aircraft  for  studying 
small-scale  horizontal  variability. 

In  the  second  major  section,  progress  in  the  analysis  and  interpretation  of  global  data  sets  is 
reviewed  with  emphasis  on  satellite  data.  Progress  and  problems  in  defining  the  momentum,  heat 
and  energy  budgets  of  the  stratosphere  as  well  as  mechanisms  of  tracer  transport  and  some 
information  on  chemistry  are  discussed.  This  section  includes  a discussion  of  interannual 
variability  in  the  stratosphere  and  its  implications  for  interpretation  of  the  data.  In  addition,  the 
role  of  future  satellites,  e.g.,  the  Upper  Atmosphere  Research  Satellites  (UARS),  in  elucidating 
various  unsolved  problems  is  discussed. 

The  third  major  section  of  the  chapter  summarizes  the  current  status  of  multidimensional 
modeling  and  the  role  of  such  modeling  in  stratospheric  research.  We  first  consider  the  area  of 
two-dimensional  photochemical  and  dynamical  models.  Recently,  important  theoretical  advances 
have  been  made  In  our  understanding  of  the  transport-dispersion  processes  in  the  atmosphere. 
These  advances  promise  to  place  two-dimensional  transport  models  on  a firmer  theoretical  basis. 
However,  a three-dimensional  initial  value  approach  is  still  required  if  one  is  to  really  'simulate* 
the  complete  radiative-dynamical-chemical  system  and  is  very  useful  in  diagnosing  the  treatment 
of  processes  in  two-dimensional  modelj.  We  have  attempted  to  summarize  the  current  work  of 
all  groups  having  active  two-  and  three-dimensional  models  of  the  stratosphere.  Information  on 
the  technical  asprects  as  well  as  the  scientific  goals  of  the  various  projects  is  provided. 

This  section  also  reviews  current  thinking  on  the  importance  of  various  radiative-chemical- 
dynamical  coupling  processes;  the  role  of  models  in  assessing  perturbations  in  climate  due  to 
such  couplings;  coupling  of  observations  and  models;  the  possible  role  of  models  in  the  design 
of  observational  strategies;  and  the  crucial  role  of  global  observations  in  validating  models. 

In  the  final  section  of  this  chapter,  a number  of  facets  of  our  understanding  of  the  global  trans- 
port of  stratospheric  trace  species  are  synthesized.  This  section  begins  with  a discussion  of 
trace  constituent  distributions  and  their  implications  for  stratospheric  dynamics  and  continues 
with  a conceptual  view  of  the  mechanisms  responsible  for  producing  tracer  transport  and  vari- 
ability. This  seaion  then  discusses  the  important  special  problems  associated  with  the  exchange 
of  trace  species  between  the  stratosphere  and  troposphere.  The  section  ends  with  an  analysis  of 
the  water  vapor  budget  as  an  example  of  the  multidisciplinary  problems  encountered  in  trying  to 
understand  the  distribution  of  a single  important  trace  constituent. 
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GLOBAL  OBSERVATIONS  OF  OZONE  AND  TEMPERATURE 
INTRODUCTION 

Two  crucial  parameters  to  be  measured  in  the  stratosphere  are  ozone  and  temperature.  Ozone  is 
important  not  only  because  of  its  importance  in  shielding  biological  systems  from  harmful  ultra- 
violet radiation  but  also  because  it  plays  a very  important  role  in  absorbing  solar  radiation  and 
absorbing  and  reemitting  infrared  radiation.  Since  ozone  plays  a crucial  role  in  determining  the 
distribution  of  stratospheric  heat  sources  and  sinks,  its  distribution  helps  to  determine  the 
stratosphere's  tentperature  and  wind  structure.  Measuring  the  distribution  of  stratospheric 
temperature  is  important  for  many  reasons,  if  one  knows  the  distribution  of  temperature  in  the 
stratosphere,  one  can  use  the  hydrostatic  relation  together  with  information  on  the  tropospheric 
structure  to  derive  the  distribution  of  geopotential  height  of  pressure  surfaces,  or  equivalently 
the  distribution  of  pressure  as  a function  of  altitude,  latitude,  and  longitude.  Then,  using  the 
geostrophic  wind  relations,  one  can  obtain  the  distribution  of  the  geostrophic  wind,  which  is  a 
close  approximation  to  the  prevailing  wind  at  stratospheric  levels  in  the  extratropics.  Thus,  from 
a measured  stratospheric  temperature  field  it  is  possible  to  ig>proximate  the  dynamics  structure 
of  the  extratrooical  stratosphere.  Also,  many  important  stratospheric  chemical  reaction  rates  are 
quite  temperature-dependent  so  that  the  temperature  must  be  known  before  one  can  determine 
the  chemical  production  and  loss  rates  of  several  stratosphere  constituents.  Finally,  the  stratos- 
pheric temperature  field  is  important  in  determing  the  stratosphere's  exchange  of  infrared  radia- 
tion with  the  troposphere  below,  with  the  atmospheric  regions  above,  and  with  space. 

Both  ground-based  and  satellite  techniques  exist  for  rneasuring  stratospheric  ozone  and  tempera- 
tures. It  is  the  purpose  of  this  section  to  briefly  discuss  some  of  these  measurement  techniques 
along  with  the  availability  and  quality  of  the  data.  These  subjects  were  also  previously  discussed 
in  NASA  RP  1049. 

Brief  descriptions  of  various  satellite  instruments  are  included  in  Appendix  C to  aid  in  under- 
standing some  of  the  limitations  of  the  data.  A listing  of  the  measurement  errors  and  physical 
paranieters,  such  as  field-of-view,  sampling,  and  coverage,  is  presented  within  the  chapter  to 
describe  the  character  of  the  various  satellite  data  sets.  Pertinent  data  on  error  sources  were 
obtained  from  the  experimenters  for  each  experiment;  in  most  instances,  errors  were  estimated 
from  ground  simulations  and  testing.  It  is  recognized  that  validation  of  satellite  data  depends 
heavily  on  comparisons  with  measurements  made  by  independent  techniques  from  ground,  bal- 
loon, aircraft,  and  rocktt  platforms.  These  measurement  techniques  have  their  own  errors  and 
data  reduction  problems  which  must  also  be  considered.  l>espite  such  problems,  these  'correla- 
tive measurements’  are  important  since  they  provide  the  only  truly  independent  comparison  set. 

Some  of  the  barriers  to  the  use  of  stratospheric  satellite  data  are  the  lack  of  convenient  access 
to  the  data  in  machine  readable  form  and  difficulties  in  assimilating  these  very  large  data  sets. 
We  have  tried  to  address  these  and  other  problems  in  this  section  with  the  goal  of  stimulating 
the  use  of  large  satellite  data  sets  in  the  stud^  of  key  stratospheric  problems.  A later  section 
summarizes  some  of  the  analyses  that  have  been  done  with  these  data  by  reference  to  some 
published  works. 

OBSERVATIONS  OF  OZONE 

In  the  following  section,  measurements  of  total  ozone  column  amounts  are  discussed  separately 
from  measurements  of  ozone  profiles  in  the  stratosphere.  Both  measurements  are,  of  course, 
important.  For  instance,  in  addressing  concerns  of  increased  exposure  to  harmful  solar  ultra- 
violet radiation  it  is  very  important  that  we  understand  whether  changes  in  vertically  integrated 
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ozone  amounts  are  occurring.  On  the  <Mher  hand,  changes  in  the  vertical  distribution  of  ozone, 
even  if  the  total  amounts  are  unchanged,  can  lead  to  changes  in  strMospheric  structure  and  thus 
possibly  ^en  to  changes  in  tropospheric  climate. 

Maaniranignt  TachniquM  for  Total  Ozont 

Two  (Afferent  ground-based  techniques  are  used  for  routine  observations  of  total  ozone:  the 
Dobson  spectrophotometer  and  the  M-63  filter  photometer.  In  addition,  a number  of 
satellite-based  systems  have  been  (and  are  being)  used  for  total  ozone  measurements.  The 
principal  satellite  systems  that  have  provided  total  ozone  data  are  the  Backscattered  Ultraviolet 
(BUV),  Solar  Backscattered  Ultraviolet  (SBUV),  and  the  Total  Ozone  Mapping  Spectrometer  (TOMS) 
techniques.  Other  satellite  methods  involve  the  Infrared  Interferometer  Spectrometer  (IRIS),  the 
High  Resolution  Infrared  Radiometer  (HIRS)  systems  and  the  Multichannel  Filter  Radiom^er 
(MFR).  A more  detailed  description  of  these  different  total  ozone  observing  techniques  is  given  in 
NASA  RP  1049  and  WMO  (1981). 

For  the  purposes  of  analysis  of  long-term  ozone  variations,  Dobson  observations  provide  the 
longest  continuous  series  of  rneasurements,  having  started  as  early  as  1925  at  some  stations. 
Currently  operating  ground-based  total  ozone  stations  with  15  or  nwre  years  of  observations  are 
shown  in  Figure  2-1.  The  stations  marked  ‘other*  in  most  cases  use  the  M-83  type  instrument 
(see  Appendix  C).  The  geographic  distribution  of  ozone  observations  in  the  global  observing 
network  is  quite  limited  as  can  be  seen  in  Figure  2-1.  Satellite  systems  reduce  this  limitation. 
Past  and  planned  future  total  ozone  satellite  measurement  programs  are  depicted  in  Figure  2-2. 
As  shown,  only  the  Nimbus  4 satellite  has  thus  far  yielded  continuous  data  covering  more  than  1 
or  2 years.  However,  the  use  of  the  data  from  Nimbus  4 is  limited  due  to  concerns  having  to  do 
with  instrumental  drift  and  uneven  sampling  (see  following  discussions).  All  data  from  the 
Nimbus  4 BUV  experiment  have  been  prcxressed  and  the  total  ozone  data  are  now  available  from 
the  National  Space  Science  Data  Center  (NSSIK),  Goddard  Space  Flight  Center.  In  addition, 
nwnthly  average  global  synoptic  analyses  of  total  ozone  have  been  (x>mpleted  and  are  available 
from  NSSDC. 

Ground  Based:  Dobson  Spectrophotometer 

Estimated  ranges  of  various  types  of  measurement  errors  for  the  Dobson  spectrophotometer  are 
given  in  NASA  RP  1049,  (Table  6-2)  reproduced  here  as  Table  2-1.  (See  th«  report  for  a 
discussion  of  how  these  estimates  were  derived.) 

Significant  recent  developments  concerning  our  understanding  of  Dobson  spectrophotometer 
total  ozone  measurements  errors  are  the  following; 

• Some  experimental  evidence  suggests  that  Dobson  total  ozone  measurements  may  be 
systematically  biased  by  as  much  as  5 to  7%  (Komhyr,  1960).  A redetermination  of  the 
Huggins  band  ozone  absorption  coefficients  is  curr^tly  in  progress  at  the  National  Bureau  of 
Standards,  Gaithersburg,  Maryland  (A.M.  Bass,  personal  communication).  If  the 
recfetermiiiation  confirms  the  validity  of  the  presently  used  absorption  coefficients,  then 
other  possible  error  sources  will  need  to  be  explorerl,  e.g.,  the  presence  in  clean  air  of 
anomalous  absorber^  other  than  ozone  (see  below).  Such  an  absorber  might  affect  ozone 
trend  determinations  if  its  atmospheric  abundance  gradually  changes  with  time. 

• Komhyr  et  al.  (1900)  have  recently  applied  correrttons  to  Bisrnarck,  North  Dakota,  total  ozone 
data  for  1%3  through  1979.  Data  collected  iri  the  1960s  needed  a bias  correction  of  about 
2.5%,,  while  the  1970s  data  did  not  require  <x>'rection.  Unfortunately  no  other  similar  studies 
are  available  for  other  srations. 
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YEAR 

Ftguro  2-2.  Schedule  of  tatellite  tyttemt  for  total  ozone  (Miller,  perional  communication). 
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TabU  2-1 

Dobaon  Ozone  Spcctrophoiomctcr  Measurement 
Error  ^imaies 


Type  of  Error 

Estimated  Value* 

Syttemaik  Errors 

1 . T rend  determinations  not  afTected : 

(a)  Absorption  coefficient  uncertainties 

(0.  ♦?)% 

2.  Trend  determirutions  affected  (change  per  decade): 

(a)  Oj  absorption  coefRcient  affected  by 

stratospheric  temperature  changes 

±0.5% 

(b)  Unconected  instrument  calibration  drift 

±3% 

(c)  Solar  spectrum  changes 

±0.3% 

(d)  Aerosol  changes 

**  (e)  Tropospheric  pollution  changes  with  time 

± 1% 

- ozone 

±1% 

- other  absorbers  (e.g.,  SO^) 

±2% 

(0  Change  in  cloudiness 

± 1% 

Random  Standard  Errors 

3.  AD  direct  sun  observations 

- optimal 

± 1.5% 

- average 

±3% 

4.  Zenith  sk>  observations 

- optimal 

± 2.5% 

- average 

±5% 

* Using  the  usual  convention  10.S%  means  that  the  % error  from  this  source  lies  between 
the  limits  -O.S  and  HI.S.  that  is,  in  the  interval  (-0.S,  40.5)%. 

**This  is  not  really  an  error,  but  can  affect  interpretation  of  stialospheric  ozone  trends. 

• The  question  of  whether  variations  related  to  solar  activity  affect  Dobson  spectrophotometer 
A-,  B-,  C-,  and  ’>-wavelength  extra-terrestrial  constants,  Lq,  is  of  interest  since  a Dobson 
instrument  calibrated  on  an  absolute  scale  at  a tirrw  of  a minimum  in  sunspot  number  might 
yield  erroneous  data  as  solar  activity  gradually  increased  to  a sunspot  number  maximum. 
However,  some  preliminary  evidence  exists  (Komhyr,  personal  communication)  to  indicate  that 
significant  Dobson  instrument  extra-terrestrial  constant  variations  do  not  occur  during  the 
course  of  a sunspot  cycle,  at  least  for  the  double  pair  wavelengths  such  as  the  AD  and  CD. 

• No  new  information  about  the  effect  of  aerosols  on  the  accuracy  of  Dobson 
spectrophotometer  total  ozorre  is  available,  except  confirmation  by  Mateer  and  As  bridge 
(1981),  using  Toronto  Dobson  spectrophotometer  total  ozone  data,  that  the  simple  haze 
formulation  proposed  by  Dobson  is  consistent  with  observations,  and  that  the  ooservational 
evidence  supports  not  only  the  internal  consistency  of  the  present  A,  C,  and  D wavelength 
absorption  coefficients  but,  also,  confirms  the  recommended  use  of  the  AD  double  pair 
wavelengths  as  the  standard  for  total  ozone  measurements. 
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• While  the  traditional  view  has  been  that  atone  originates  in  the  stratosphere  and  cKffuses 
downward  into  the  troposphere  to  be  destroyed  at  the  Earth's  surface,  the  possibility  has 
been  suggested  of  local  synthesis  of  ozone  in  dean  tropospheric  air  (see,  for  example, 
Crutzen,  1974;  Chameides  and  Walker,  1976;  Fishman  et  aU,  1979b;  Liu  et  al.,  1900).  This 
raises  the  possibility  that  tropospheric  ozone  concentrations  are  being  subtly  perturbed  by 
man-made  pollution  sources.  It  is  well  known  that  ozone  is  produced  photochemically  in 
highly  polluted  air.  Indeed,  under  conditions  of  high  insolation  and  extreme  pollution,  the 
near-ground  photochemically  produced  ozone  can  approach  an  amount  equal  to  10%  of  the 
total  ozone  column. 

At  remote  sites,  it  does  not  appear  that  the  surface  ozone  concentration  is  changing  with  time. 
This  is  shown  by  the  NOAA/GMCC  surface  ozone  measurements  niade  at  various  nonurban  loca- 
tions during  1973  through  1979  (see  Figure  2-3).  Some  available  ozonesonde  and  Umkehr  data,  on 
the  other  hand,  suggest  that  tropospheric  ozone  amounts  A mid-latitudes  of  the  Northern 
Hemisphere  have  increased  during  the  past  decade  (see  discussion  that  follows).  However, 
measurements  of  tropospheric  ozone  using  ozonesondes  or  by  the  Umkehr  method  are,  in 
general,  not  sufficiently  accurate  to  insure  that  these  measured  increases  are  real.  Also,  some  of 
the  'observed*  changes  in  ozone  may  reflect  secular  changes  in  local  or  regional  pollution  rather 
than  global  pollution. 

At  most  operating  Dobson  spectrophotometer  stations  throughout  the  world,  the  effect  of  ozone 
produced  in  polluted  tropospheric  air  on  background  total  ozone  measurements  is  believed  to  be 
small.  Definitive  data  are,  however,  n<^  available.  Research  in  this  area  is  needed,  particularly  at 
stations  subjected  to  frequent  episodes  of  high  local  pollution. 

Dobson  spectrophotometer  ozone  measurement  errors  also  occur  when  observations  are  made  in 
polluted  air  containing  trace  gases  that  absorb  UV  radiation  at  the  Dobson  instrument 
wavelengths  (Komhyr  and  Evans,  1980).  Among  such  trace  ^ses  are  S02»  NO2,  N2O5,  H2O2, 
HNO3,  acetaldeyde  (CH3CHO),  acetone  ((CH3)2CO)  and  acrolein  (CH2CHCHO).  Of  these,  the 
inlerference  caused  by  N2O5,  H2O2,  HNO3,  acetaldeyde,  acetone  and  acrolein  is  negligible  (see 
Table  2-2).  SO2  and  NO2,  however,  are  potentially  capable  of  causing  errors  that  approach  25% 
and  5%,  respertively,  in  instances  of  extreme  pollution  and  for  ozone  observations  on  AD 
wavelengths.  At  most  Dobson  instrument  stations  throughout  the  world  such  interference  is 
believed  to  be  small,  but  recent  observations  indicate  that  it  might  not  be  negligible.  Research  in 
this  area  is  needed  at  the  few  Dobson  instrument  stations  where  SO2  pollution  may  be 
increasing.  We  note  that  the  estimates  for  the  effect  of  SO2  were  made  using  absorption 
coefficients  given  by  Thompson  e:  al.  (1%3).  More  recent  measurements  of  these  coefficients, 
when  used  with  the  Dobson  or  Brewer  ozone  sp>ectrophotometers,  yield  SO2  amounts  about 
twice  as  large  as  when  the  Thompson-Komhyr  coefficients  are  used  (Evans  et  al.,  1980).  For 
Dobson  AD  measurements,  0.001  atm-cm  of  SO2  causes  an  apparent  increase  in  ozone  of  0.001 
atm-cm. 

Ground  Based:  M-83  Photometer 

The  M-83  makes  use  of  two  relatively  broad  band  filters  for  determination  of  total  ozone  by 
direct  Sun  or  zenith  sky  observations.  The  major  errors  associated  with  ozone  measurements 
using  the  M-83  are; 

• Instrument  errors  involving  the  standardization  and  stabilization  of  the  filters  used  in  the 
instrument. 


• Strong  air  mass  (along  column)  bias  because  of  the  large  bandwidth  of  the  filters. 
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Tibie2-2 

Dobson  ^wctrophotomstsr  Osone  and  Other  Trace  Gas  ^>edea  Kffective  Absorption  CoefOdentt 
(Values  In  brackets  are  Ool»on  kutrument  percent  ozone  measurement  errors  for  an  assumed 
background  ozone  amount  of  0 JOO  awn-cm . tn  assumed  one  km  thick  nUxim  layer,  and  the 
bidlcated  maxintum  trace  |u  amounts  that  may  occaslondly  be  present  in  extremely  puUuted  air,) 

(Komhyr  and  I vans,  1980) 


ISmh  Wm-  Ah».  Cbiff,  

ImsOn  (urns  Omsmumi  O3* 


tOMflr.M*' 


2-10 


THE  STRATOSPHERE  1981:  THEORY  AND  MEASUREMENTS 


• Errors  arising  from  the  use  of  empirical  charts  for  otone  d^ermination  from  the  instrument 
measurement. 

M*83  observations  are  currently  taken  at  about  30  stations  mostly  in  the  U.S.S.R.  and  some 

Eastern  European  countries*  Of  thes^  about  1S  stMions  have  data  for  the  past  15  or  more  years. 

✓ 

Changes  in  the  optical  system  (improved  light  filters)  and  calibration  procedures  used  with  the 
M>S3  were  made  starting  in  1971.  As  a result,  the  data  variances  have  been  reduced  by  a factor 
of  about  three  but  are  still  somewhat  larger  than  variances  derived  from  ozone  observations 
taken  at  the  same  latitude  with  Dobson  instrianents. 

The  root  mean  square  difference  (RMSD)  b^ween  satellite  and  Dobson  measurements,  and 
sateiiite  and  M-83  measurements,  are  shown  in  Figure  2-4(a).  The  correlations  between  the 
satellite/Dobson  data  and  between  the  satellite/M'-83  data  are  shown  in  Figure  2'4(b).  Both  sets 
of  calculations  are  given  for  the  period  of  useful  BUV  observations*  (The  BUV  observations  will 
be  (kscussed  separately  below.) 

For  the  BUVA>obson  comparison,  the  RMSD  is  seen  to  be  reasonably  constant  through  this 
period  at  about  20  Dobson  units  with  the  correlation  between  the  two  sets  of  data  pairs  better 
than  0.90.  For  the  BUV/M-83  con^sartson,  the  results  before  1974  show  an  uncomfortably  Urge 
RMSD  difference  of  the  order  of  SO  Dobson  units  but  is  reduced  to  a value  only  slightly  larger 
than  that  for  the  BUV/Dobson  set  after  1974.  The  correlation  coefficient  between  the  BUV/M-83 
data  pairs  also  is  quite  low  until  1974  after  which  it  is  only  slightly  lower  than  that  for 

the  BUV/Dobson  set*  This  rather  dramatic  improvement  of  the  M-83  total  ozone  observations 
after  1974  will  be  of  considerable  help  in  evaluating  realistic  tong  term  ozone  variations  over  a 
Urge  area  of  the  Northern  Hemisphere. 

The  measurement  (srecision  for  the  improved  M-83  for  observations  taken  in  relatively  clear  air 
and  for  solar  zenith  angle  less  than  60*  is  of  the  order  of  tS%  for  monthly  average  amounts. 

Satellite  Meik<u  remen  ts 

Satellite  measurements  of  total  ozone  have  been  made  continuously  since  the  launch  of  the 
Infrared  Interferometer  Spectrometer  (IRIS)  and  Backscatter  Ultraviolet  (BUV)  instruments  on 
Nimbus  4 in  1970.  (There  was  an  0-month  interval  between  the  end  of  IRIS  observations  on 
Nimbus  3 and  the  launch  of  Nimbus  4.)  IRIS  provided  data  for  approximately  10  months,  and  the 
BUV  provided  data  for  more  than  7 years  before  being  turned  off  in  1977,  The  SBUV  and  TOMS 
instruments  were  launched  on  Nimbus  7 in  1978  and  are  still  functioning.  Beginning  in  early 
1977,  four  Air  Force  Block  5-D  satellites  carrying  the  Multifilter  Radiometer  (MFR)  instrument  with 
a single  infrared  ozone  channel  (1022  cm*^)  were  flown  and  provided  data  between  early  1977  and 
early  1980.  The  NOAA  operational  satellites  with  the  TOVS  instrunsent,  which  includes  a single 
channel  for  nseasurement  of  total  ozone,  began  flying  in  early  1979.  Thus,  there  is  a continuous 
record  of  total  ozone  measurements  beginning  in  1970,  and  even  though  there  have  been 
instrument  changes,  there  have  also  been  overlaps  in  tirne  so  that  efforts  can  be  made  to 
reconcile  the  data  and  produce  a continuous  global  ozone  history  over  11  years  in  length. 

Tables  2-3  and  2-4  provide  more  details  on  available  satellite  total  ozone  measurements,  together 
with  some  characteristics  of  the  measurements,  such  as  accuracy,  precision,  fleld-of-view,  cover- 
age, sampling,  and  data  availability.  More  detailed  estim^.tes  of  random  and  systematic  errors  for 
each  experiment  are  given  in  Table  2-5.  These  data  sets  are  not  archived  at  a common  location; 
therefore,  those  desiring  the  data  must  contact  the  individual  archive  or,  in  some  cases,  the 
investigator  for  each  experiment. 


Corntjtion  CoeHicicrrt  RMSO  (DU) 
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Figurs  2 4«.  RMS  diHervnce  b«twten  BUV/M-83  and  betwaen  BUV/Dobson  total  oronv  observattont. 
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Figura  2 4b.  Correlation  for  BUV/Dobson  and  BUV/M  B3  total  o/ona  obtaivationt. 


Table  2-3 

of  Total  Ozone  - Measurement  Parameter*  (continued) 


: IFOV  denote*  umantaneou*  field-of-view 


Table  2-3 

Satellite  Measurements  of  Total  Ozone  - Measurement  Parameters 


Spatial  Resolution  (km)  | 

Estimated 

Instrument 

Satellite 

Time  Period 

Lat.  Range 
(Deg.) 

Along 

Track 

Do« 

Track 

Ihity 

Cycle 

Measurement 

Uncertainty 

Comments 

TOVS 

TIROS-N 
NOAA6 
and  sub- 
sequent 
NOAA 
spacecraft 

5/79  to 
Present 

AU  Lat. 

(Polar 

Orbit) 

Grcular  IFOV 
Dia  ^ 1 5 km 

Retrieval  FOV 
Dia  = 200  km 
100  km  between 
nadir 
soundings 

Instrument  is  tudir 
looking  with 
croa  track 
scan  capa- 
bility of  ±1120 
km 

Continuous 
after  5/79 

With  Dobson  A 
Approxinute 

6%P 

BUV 

Nimbus  4 

4/70-5/77 

80S  to 
80N 

200  km 

Orbit 

spacing 

Continuous 

256  P 

Daytime  Only 

SBUV 

Nimbus  7 

11/78  to 
Present 

80S  to 
80  N 

200  km 

Orbit 

spacing 

Continuous 

256  P 

Daytime  Only 

TOMS 

Nimbus  7 

11/78  to 
Present 

90S  to 
90N 

50  km 

FoDosring 
orbit  to 
preceding 
orbit.  Instru- 
ment has 
track  scan 
capability. 

Continuous 

2%  P 

Daytime  Chily 

NOTE:  IFOV  denotes  instantaneous  field-of-view 
A denotes  accuracy 
P denotes  precision 
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Table  24. 

Satellite  Meaaurements  of  Total  Ozone  - Data  Information 


Iiutrument 

Satellite 

Data 

Availability 

Dau 

Products 

Format 

Investigator, 

Institution 

ComtiienU 

TOVS 

TIROS-N 

NOAA6 

and 

subaequent 

spacecraft 

Dau  reduced 
before  6/81 
available  from 
investigator. 

Individual 
retrievals 
of  total  O3 

Magnetic 

upe 

(a)  W.  C.  Planet 
NOAA/NESS 

(b)  A.  J.  Miller 
NOAA/NWS 

DiU  have  not  been  validated  to 
date. 

Daylight  dau  only  have  been 
reduced. 

Data  reduced 
after  6/81 
archived  at  NCC 
Asheville,  N.C. 

Current  regresaion  schemes  limil 
daU  reduction  to  latitude  range 
30*^  to  60*N.  Regreaaon  schemes 
being  improved  to  cover  other 
UUtude  ranges. 

BUV 

Nimbus  4 

NSSDC 

Reduced 
dau  (total 
0^)  zonal 
means,  gridded 
total  ozone ) 

Magnetic 

upe 

D.  F.  Heath 
NASA/GSFC 

SBUV 

Nimbus  7 

Anticipate 
archived  ai 
NSSDC  of 
Tirst  year's 
data  late  1981 

Total  03,0V 
albedo,  atmos- 
pheric radiance, 
solar  irradiance 

Magnetic 

upe 

D.  F.  Heath 
NASA/GSFC 

DaU  being  validated  by  Nimbus 
experiment  team  prior  to  archival 

TOMS 

Nimbus  7 

Anticipate 
archival  at 
NSSDC  of  First 
year's  data 
late  1981 

Total  O3,  LTV 
albedo 

Magnetic 

upe 

A.  J.  Krueger 
NASA/GSFC 

DaU  being  validated  by  Nimbus 
experiment  team  prior  to  archival 
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Instniiricnt 


MFR 


Table  2-4 

Satellite  Measurement!  of  Total  Ozone  - Data  Information  (continued) 


Satellite 

— 

Data 

Availability 

Data 

Products 

Format 

Investigator. 

Irutitution 

Nimbus  4 

Total 

from  investigator, 
calibrated  radi- 
ances from 
NSSDC 

Reduced 

data 

(Total  Oj) 

Magnetic 

Tape 

B.  J.  Conrath, 
NASA/GSFC 

DMSP 

Reduced 

Reduced 

Reduced 

F.  M.  Luther 

Block  SD 

F-1 

F-2 

F-3 

data 

archived 
at  LLNL 
during 
1981 

data 

(total  Oj) 

data  on 

magnetic 

tape 

LLNL 

FA 


Table  2-5 

Total  Ozone  Measurement  Errors 


TYPE  OF  ERROR 


SYSTEMATIC 
' Spectroscopic  {diameters 
Instrument  Calibration 
Solar  Flux  Changes 

■ Temperature  Measurements 

■ Long  Term  Verirication/Calibration 


RANDOM 

Spectroscopic  Parameten 
' Goud  Errors 

■ Surface  ReHectance  Errors 

■ Aerosol  Contamination 

■ Irutrument  Noise 

■ Algonthm  Sensitivity 


INSTRUMENT 

IRIS 

BUY 

MFR 

SBUV 

TOMS 

TOYS 

5% 

• 

5% 

• 

• 

N/A 

1% 

2% 

1% 

1% 

1% 

1% 

N/A 

unknown 

N/A 

1% 

1% 

N/A 

\% 

N/A 

1% 

N/A 

N/A 

N/A 

— 

1% 

1% 

1% 

1% 

1% 

1% 

1% 

1% 

1% 

1% 

N/A 

2% 

1% 

Un.tjiown 

1% 

1% 

• • 

1% 

1% 

1% 

1% 

N/A 

2% 

0.5% 

Unknown 

0.5% 

0.5% 

unkj.own 

4% 

1% 

1% 

0.5% 

0.5% 

1% 

unknown 

2% 

unknown 

2% 

2% 



6% 

•Urtcertainty  in  knowing  cross  sectioru  gives  error  <5% 
••Ozone  derived  from  "clear”  or  doud-free  observatioru 
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SInot  th«  SBUVtypt  «id  NOAA  infrarad  inttruniafitf  ai%  and  wiit  become  IncfOMhigh^  tonporteiit 
for  the  purpose  ^ t<Mel  oiom  tmnd  deteriitinetlon,  e few  lemeHo  about  theb  um  for  thte 
purpose  arc  made  in  the  followir^  pwagrephs. 

Prindpai  error  sources  (see  Table  2^)  for  BUV  type  mperheents  (indudii^  BUV,  S^V  wid 
TOMS)  involve  instrument  calibraHbn,  uncertainty  of  the  relevant  absorption  cross  sections,  and 
the  aliorithm  used  In  derMi^  t<^  ozone  data  from  the  radiance  meMunmmts.  Other  errors  In 
the  BUV  technique  are  assodMd  with  bistrwicnt  ndse,  and  imderlyint  cloud  and  aerosol 
effects*  In  addition,  the  Nimbus  4 BUV  experiment  enooui<teied  two  serious  problentt  that  Ihidt 
use  the  data  In  ozone  trend  determinmlons.  The  first  Is  thtt  the  diffuser  plate,  which  allows 
the  solar  flux  measurements  to  be  made  at  precisely  preset  wavelengths,  di^radod  withhi  several 
months  after  launch  in  a possibly  wavelength  de^dent  manner.  Thus,  vartatlons  In  derived 
ozone  amounts  depend  on  the  reiative  accuracy  of  the  assumed  solar  Rums  conH>ared  to  the 
actual  solar  fluxes.  This  could  cause  a time-dependent  <Mft  of  the  'observed*  ozone  that  could 
be  a function  of  the  solar  zenith  angle. 

The  effect  of  the  d^adation  of  the  Instrurnem  (Effuser  plate  on  the  reported  total  ozone  has 
been  studied  by  Fieig  et  ai.  (1980),  A.  Miller  et  al.  (1981),  Reinsel  et  al.  (1981b),  and  Keating  et 
al.  (1981),  on  the  basis  of  comparison  of  the  BUV  data  and  the  quasi-synchronous  Dobson 
observations.  To  the  extent  that  there  are  no  time-dependem  Instrunmntal  errors  in  the  Dobson 
nwasurements,  the  averse  difference  as  a function  of  time  between  the  two  data  sets  should 
indicate  the  effect  of  the  BUV  instrument  drift.  This  is  shown  in  Figure  (after  A,  Mill»  et 
al.,  1961)  for  the  period  of  the  Nimbus  4 BUV  observations.  There  is  an  indicated  ^bal  average 
Dobson-^V  bias  change  of  about  8 Dobson  units,  a drift  of  approximai^  2.7%  over  81  months 
of  observations.  Using  a different  averaging  method  Keating  et  M.  (1961)  detemdned  a similar 
drift  but  also  found  a latitudinal  dependence  in  the  bias,  it  is  still  not  clear,  however,  how  the 
bias  affects  the  seasonal  smellite-derived  total  ozone  values. 


Figurs  2*8.  Average  differenoe  • BUV/Dobton  total  ozone  obsarvationi  (after  A.  Miller  et  al.,  1961). 
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A second  problem,  potentially  more  serious  for  analysis  of  global  ozone  changes,  is  that  the 
solar  panels  on  the  Nimbus  4 also  suffered  degradation  in  time.  This  limited  the  time  the 
experiment  could  be  operating  and  therefore  limited  the  spatial  coverage  of  the  data.  The  BUV 
data-point  coverage  is  shown  in  Figure  2-6  as  a function  of  latitude  and  time.  From  the  time  of 
the  satellite  launch  in  April  197U  to  June  1972,  when  one  of  the  solar  panels  of  the  spacecraft 
failed,  there  were  more  than  500  observations  per  month  in  each  latitude  band  except  during  the 
winter  months  at  high  latitudes.  After  June  1972,  the  number  of  data  points  subsequently 
decreased,  particularly  at  high  latitudes,  with  some  latitude  zones  having  fewer  than  500 
observations  per  month  over  extended  time  periods.  Consequently,  care  must  be  taken  that  the 
data  be  considered  for  appropriate  representativeness  in  any  particular  analysis,  especially  when 
applied  to  the  later  years  of  the  observations. 

The  major  problems  involving  total  ozone  data  from  the  Nimbus  4 3UV  instrument,  discussed 
above,  have  been  corrected  in  the  SBUV  instrument  on  Nimbus  7 which  becanrre  operational  in 
November  1978. 
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Figure  2-6.  BUV  data  point  coverage  (Hilsenrath  and  Schletinger,  1961). 
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Ttw  principal  infrared  satellite  measurement  technique  Is  the  TOVS  operMing  on  the  TIRCM-N 
operationai  satellite  system.  'Reliable*  observations  ushig  the  TOVS  Instrumem  started  hi  April 
1979  and  are  expected  to  continue  through  19ffi.  The  major  errors  of  the  TOVS  (Crosby  et  ai., 
1960)  due  to  a^khm  sensitivity  may  be  relMiveiy  Ivgc^  and  the  dependence  on  rqression 
analysis  against  Dobson  data  introduces  potentially  large  uncertainties  in  the  derived  osone 
amounts.  The  retrieval  accuracy  of  TOVS  is  about  7%  of  the  mean  total  arnoum  from  3CP  to  601M 
and  about  4.S%  in  the  region  3(fS  to  30*N.  Comparison  of  the  TOVS  retrievals  with  those  from 
SBUV  showed  an  RMS'  difference  of  almost  10%  of  the  aven^  total  ozone.  The  present 
configuration  of  sountRng  instruments  on  the  TIROSH^  series  should  be  operMional  until  1964  or 
1985.  However,  the  retrieval  procedure  was  designed  so  that  the  new  instrument  configuration 
would  have  no  negative  effects  on  the  accuracy  of  the  retrievals.  This  should  provide  a 
continuous  and  consistent  record  of  the  global  distribution  of  tcHai  ozone  starting  from  April 
1979  and  continuing  beyond  1965.  Point  estimates  of  total  ozone  are  being  archived  and  will  be 
available  from  the  NMionai  Earth  Sateliite  Service.  Synoptic  analyses  of  the  TOVS  data  are  being 
constructed  on  a dMiy  basis  and  will  be  av^iable  from  the  National  WeMher  Service. 

Infrar«i  emission  measurements  of  t<Mal  ozone  have  also  been  made  from  the  Nbnbus  3,  Nimbus 
4,  and  U.S.  Air  Force  DMSP  sMeiiites. 

The  time  span  for  each  oi  these  measurement  programs,  however,  has  been  relatively  short  and 
their  usefulness  in  total  ozone  trend  analysis  is,  therefore,  quite  iin^ted. 

MeMurement  Techniqun  for  Ozone  Profiles 

Standard  techniques  for  routine  measurements  of  the  vertical  ozorve  profile  include  ground-based 
Umkehr  observations,  balloon-borne  ozonesondes  and  satellite  measurements.  Rocketsonde 
observatioiis  have  provided  additional  information  on  the  ozone  distribution,  particularly  in  the 
30  to  SS  km  region.  Although  there  are  relatively  few  rocketsonde  observations,  these  ^ta  can 
be  used  for  cross-validation  of  the  measurements  obtained  by  the  other  technk^es. 

L'mkehr  Obsewations 

Umkehr  observations  may  be  taken  at  any  station  with  a Dobson  spectrophotom^er.  These 
observations  consist  of  spectrophotometer  observations  tadcen  cn  the  blue  zenith  sky  while  the 
Sun  is  between  the  horizon  and  an  elevation  of  Xf,  during  morning  or  afternoon.  Umkehr 
observations  are  taken  under  cloudy  sky  conditions  only  at  Arosa.  Thus,  Umkehr  observations 
have  a strong  fair-weather  bias  and,  therefore,  may  not  be  representative  of  average  Mmospherk 
conditions.  This  may  not  be  in^ortant  for  derivation  of  ozone  trends  in  the  upper  strttosphere, 
but  may  be  a drawback  for  their  use  for  tower  stratosphere  trends  because  ozone  in  the  lower 
stratosphere  is  highly  correlated  with  day-to-day  we^«ther  changes.  In  addition,  random  errors  in 
Umkehr  profiles  are  greatest  in  the  troposphere  (layer  1)  and  lower  stratosphere  (layers  2,  3). 
(See  Table  2-6  for  pressure  intervals  for  different  layers). 

Umkehr  observations  share  most,  but  not  ail,  of  the  errors  associated  with  Dobson  total  ozone 
measurements.  However,  Umketv  observations  suffer  some  additional  errors  whkh  do  not 
signifkantly  influence  total  ozone  measurements.  A slight  error  in  wavelength  setting  can  distort 
profiles  obtained  from  Umkehr  measurements.  Changes  in  calibrttion  could  thus  introduce 
spurious  trend  information.  Apart  from  strictly  instrument  calibration  problems,  the  major 
sources  of  uncertainty  in  the  ozone  profiles  derived  from  Umkehr  observations  are  those 
involving  the  inversion  algorithm,  the  temperature  dependence  of  the  absorption  cross  sections, 
and  the  optical  effects  of  both  stratospherk  and  tropospherk  aerosols. 


TaM»2-6 

Adopted  from  WMO,  1981 
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The  effects  of  tenfverature  variations  and  cd  aerosols  have  been  c^uiaterit  and  the  associated 
errors  are  discussed  in  WMO  (19B1)  and  shown  in  T^e  2-6*  While  these  effect  intiorkioc  borti  a 
systematic  bias  «id  random  noise  into  the  Umkehr  profiles,  the  sin^  effect  with  greatest  impact 
on  the  use  of  these  profiles  for  determination  (rf  long-term  upper  stratospheric  trends  b the 
error  introduced  by  aerosols.  Increases  in  both  tropospheric  «iid  stratospheric  aerosols  cause 
decreases  in  Umkehr-deriued  ozoire  conoentrtfions  bi  the  upper  stratosphere.  This  effect  is 
vividly  illustrated  in  the  Umkehr  record  for  Aspendale,  Australia,  where  in  June  1963,  an  a4>parent 
50*  decrease  in  Uml«hr  layer  9 (1  to  2 mbar)  occurred  between  two  Umk^  observations  which 
were  separated  by  a few  days.  Presumably,  this  decrease  was  associated  with  the  overhead 
passage  of  the  stratospheric  dust  cloud  from  the  Agung  volcanic  eruption  on  Bali.  These  effects 
may  persist  for  months,  or  even  years,  before  there  is  a recovery  to  normal  stratospheric  dust 
levels  (DeLuisi,  1979).  Similar  effects  from  the  dust  veils  other  volcanoes  have  also  been 
observed,  it  naist  be  understood  that  these  apparent  results  arise  because  of  optical  effects  of 
the  dust  on  the  Umkehr  measurements  and  do  not  represent  am  effect  of  the  dust  on  the  ozone 
itself  (in  fact,  the  (kist  layer  is  far  removed  in  altitude  from  the  upper  stratosphere).  Therefore, 
analyses  of  Uihkehr  profile  data  for  upper  stratospheric  trends  should  take  special  note  of  dips 
in  the  record  which  follow  volcanic  events.  An  atterrmt  is  now  under  way  to  use  dust  optical 
depth  measurements  at  Mauna  Loa  to  establish  a table  of  approximate  corrections  to  Umkehr 
prcrfiles  for  these  ^fects  (Dd.uisi,  19^). 

Umkehr  measurements  provide  the  longest  data  set  for  analysis  of  extended  period  variatkms  of 
ozone  in  the  upper  stratosphere.  As  many  as  50  different  Dobson  stations  have  reported  Umkehr 
observations  since  1956.  However,  only  about  20  are  taking  Umkehr  observations  at  the  present 
time  and,  of  these,  only  about  10  stations  have  observations  over  the  past  15  years  or  more. 
Because  of  their  fair  weather  bias,  the  frequency  of  observations  may  be  quite  uneven  during  the 
various  months  of  the  year.  A list  of  stations  currently  active  and  with  moderately  long  records 
is  given  in  Appendix  C . 

Balloon  Soundings 

About  20  to  25  ozonesonde  stations  are  presently  operational  but  the  observations  for  varying 
time  periods  are  very  unevenly  distributed  over  the  globe.  As  a result,  any  worldwide  climatology 
of  the  vertical  ozone  distribution  (e.g.,  Diitsch,  1978)  is  based  on  an  inhomogeneous  space  and 
time  data  set.  This  has  to  be  kept  in  mind  when  such  data  are  conqjared  with  satellite  results. 
The  certainty  in  the  preserttly  available  knowledge  of  the  global  vertical  ozone  distribution  is  the 
sum  of  the  instrumental  uncertainties  quoted  above  and  of  inhomogeneity  of  the  available 
observational  material.  Ozonesonde  stations  currently  taking  ozone  profile  rneasurements  and 
with  relatively  long  periods  of  observations  are  listed  in  Appendix  C. 

There  are  only  11  stations  with  continuous  soundings  for  the  last  10  to  15  years.  Trend  analysis 
may  thus  be  considerably  biased  by  the  very  inadequate  spatial  coverage,  although  observations 
from  the  five  stations  in  mid-latitudes  of  the  Northern  Hemisphere  could  be  used  for  comparison 
with  mode)  results  for  this  latitude  zone.  Global  mean  values  in  fixed  layers  mav  not  be  too 
meaningful,  at  least  below  about  35  km,  (i.e.,  at  the  levels  reached  by  balloons)  because  of  the 
big  differences  in  vertical  distribution  with  latitude  and  with  season  caused  by  the  interaction  of 
chemistry  and  transport* 

The  distribution  of  Umkehr  and  ozonesonde  stations  with  10  or  more  years  of  observations  is 
shown  in  Figure  2-7.  Seven  of  these  stations  take  both  Umkehr  and  ozonesonde  profile 
measurements.  For  discussion  of  techniques  see  Chapter  1. 
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Figure  2 7 Geogiaptiic  distribution  of  current  Umkehr  and  O/onosonde  observatior's  with  10  or  more 
years  of  observations 
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Sdtellite  observf.;  ■ of  o/one  vortical  profiles  startinit  from  the  region  of  o2one  (kmsity 

and  extending  tr-  -f  altitudes  have  been  madi>  almost  TOntinuously  sini-e  the  launch  of  the 
HUV  on  Nimbus  J.  'Ozone  profile  measurenumts  were  also  irusisured  on  OGO-4  by  a UUV-tyfH* 
instrument  durin>t  the  period  Septembt*r  1%7  to  lanuary  1%*).  Analysis  of  this  data  is  not 
presently  complete,  howt-ver.)  fi|{ure  2-B  illustrates  the  measurement  periods  tor  ozone  profiles 
that  have  be**n  madi>  over  the  last  decade  by  satellite.  The  Limb  Radiance  Inversion  Radiometer 
(LRIR)  experiment,  launched  in  lune  1975  on  Nimbus  b,  can  provide  ozone  profiles  with  3 km 
vertical  resolution  from  the  tropopause  to  bO  km.  There  was  a f>erii>d  of  approximately  18 
months  (Ma>'  1977-October  1978)  when  no  satellite  observations  of  ozone  profiles  were  made 
bt>cause  suitable  instruments  wen>  not  available.  (Actually,  there  were  HUV  measurements  at  low 
latitudes  on  Al-5,  but  these  data  haw*  not  Iwen  reducwl  to  ozone  profiles.)  The  siitnificancr  of 
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this  break  in  the  data  record  needs  lo  be  evaluated,  NMmbin  7,  launched  in  October  1978  carried 
the  Lbnb  infrared  Monitor  of  the  Stratosphere  (LIMS)  and  S^V  experiments  whteh  r^resented 
updated  versions  of  the  earlier  LRIR  and  BUV  experiments*  The  Stratosphere  Gas  md  Aerosol 
Eiqperiment  (SAGE),  launched  on  the  AEM-2  satellite  in  February  1979^  cmi  measure  oxone  profiles 
with  a vsrtkal  resolution  of  better  than  1 km  above  the  troposphere*  SirKe  this  is  a solar 
occuitation  experiment*  only  two  profiles  per  orbit  are  obtained*  In  the  future*  the  dMa  ba» 
from  past  mtperiments  will  be  supplemented  and  updated  by  data  from  new  instruments:  SBUV 
II*  the  operational  SBUV  which  the  National  Oceanc^raphic  and  Atmospheric  AdministrMion 
(NOAA)  will  fly  on  the  TIROS-N  series  of  sateliites*  and  SAGE  II  which  will  fly  on  the  Earth 
Radiation  Budget  Satellite  (ERBS)*  These  instruments  will  continue  making  ozone  profile 
measurements  at  least  throu|^  the  19B0s.  Also*  near  the  end  of  the  1980s  the  Upper  Atmosphere 
Research  Stellites  (UARS)  will  carry  limb  emission  sounders  to  provide  ozone  profile  data  over  a 
broad  altitude  range  from  about  70  km  down  into  the  upper  troposphere* 


1970 

J I I L 


1978 

J.JjL L 


1990 


1 


0G04 


NIMBUS  4 


9UV 


I- 


4 


NIMBUS  6 


LPlin 

i-4 


NIMBUS  7 
AEM3 

TIROS  N NOAA 
SERIES 


I LIMS 

\ I I 

i \ , 

SBUV  2 
I 


Figure  2^.  Summary  o(  temporal  coverage  of  satellite  ozone  profile  data  (Miller,  personal  communication). 


Tables  2-7  and  2-8  provide  more  details  on  the  available  satellite  ozone  concentration  profile 
measurements  together  with  some  characteristics  of  the  measurements  and  information  on  the 
data  products  and  their  availabiiitv.  All  of  these  data  sets  are,  or  soon  will  be,  archived  at  the 
National  Space  Sciences  Data  Center  (NSStK)  in  Creenbelt,  Maryland.  Table  2-7  also  gives 
estimated  accuracies  and  precisions  associated  with  each  of  the  available  satellite  data  sets  for 
ozone  concvntration  profiles.  1 hose  represent  the  investigators'  best  estimates  of  these  |»ara- 
meters.  In  addition,  all  of  the  investigators  evaluated  the  systematic  and  random  measurement 
errors  associated  with  their  particular  instrument.  This  information  is  given  in  Table  2-9.  It  is 
assumed  that  the  Nimbus  8 Limb  Radiance  Inversion  Radiometer  (LRIR)  and  the  Nimbus  7 LIMS 
measurement  errors  are  similar  (Gille  and  Russell,  personal  communication)  and  as  a result  these 
errors  have  been  combined  into  single  *Limb-IR'  data  set. 


Tabic  2-7 

Satellite  Measurements  of  Atmospheric  Ozone  Concentration  Profiles  • Measurement  Parameters 
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Satellite  MeasuremenU  of  Atmoiphenc  Ozone  Concentration  Profiles  - Data  Information 
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BUV 

Nimbus  4 
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D.  F.  Keath 
NASA/CSFC 

LRIR 
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profiles 

Magnetic 
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Data  being  validated  by 
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also  to  AtS 
World  Ozone 
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extinction  'sopleths 
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tape 

M.  P.  McCormick 
NASA/LaRC 
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Tabic  2-9 

Ozone  Profile  Measurement  Errors 
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Cross  Section  Error  5% 

- falibraUon 

3% 

1% 

2% 

• Temperature  Pressure  LeterminaUon 

— 

0.5% 

- Aerosol  Parameters 

— 

— 

• Algonthm 

I'A 

1% 

— 

- Solar  Elux  tTiangcs 

S% 

\% 

N/A 

. Lung  Term  Venricalicin.‘(^braUon 

S% 

5% 

RANDOM 

-Spectroscopic  Parameters 

“ 

— 

— 

■Instrument  Noise 

2'A 

0.5% 

1 .5-3%* 

2%-5% 

-Aerosol  Contammaticm 

unknown 

unknown 

— 

-CTouds  Background 

0%(  u ppe  r >■  r*(  lo  we  r > 

OSM  uppe  r E i / «(lower) 

— 

-Poinung  Errors 
-Temperature  Determination 

: 

— 

T 

^ •• 

i%-3% 

-Algonthm 

3%(upper>^%(lowerl 

3%(upperE6%(loweri 

T 

• = End  to  end  precision  based  on  orbital  resalts  0.3  ppmv  on  LKIR  and  0.1 5 ppmv  on  LIMS  at  Oj  max  (32  km), 
“Effect  included  under  instrument  n'Aie. 

T “ Small  effects  predicted  theoretically  but  not  explicitly  evaluated. 
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The  use  of  satrilite  derived  ozone  profile  measurements  for  the  deternrination  of  slowly  varying 
changes  in  upper  stratospheric  ozone  fields  places  very  stringent  tequirements  on  the  continuity 
and  seif  consistency  oi  ozone  data  derived  with  various  wperimental  techniques  by  (Afferent 
instruments  on  different  satellitM  aft  various  intervals  in  time.  To  date  the  most  extensive  data 
sets  in  space  and  time  have  been  obtained  with  the  backscattered  ultri^olet  (BUV),  solar  back- 
scattered  ultraviolet  (S8UV),  and  the  infrared  limb  emission  (LRIR  and  LIMS)  techniques. 

In  the  investigation  of  slowly  varying  changes  in  the  upper  stratospheric  ozone  fidds,  data  sets 
should  be  evaluated  on  the  basis  of  the  following  criteria: 

1 . Greatest  interval  of  temporal  coverage 

2.  Similarity  of  observational  technique 

3.  Similarity  of  inversion  algorithms 

4.  Continuing  assessment/instrument  performance  from  ground  truth  measurements 

5.  Observational  continuity 

6.  independence  froM  recalibration  in  orbit  by  indirect  methods 

7.  Availability  of  the  data  sets. 

As  can  be  seen  by  referring  to  Figure  2-6,  the  only  two  satellite  data  sets  that  come  close  to 
meeting  these  criteria  at  the  present  time  are  the  BUV  and  SBUV  experiments.  This  is  due  to  the 
duration  of  the  RUV  experiments  and  the  similarity  between  the  BUV  and  SBUV  instruments  and 
data  reduction  algorithms.  Because  of  this,  we  will  brMly  discuss  some  of  the  factors  that  need 
to  be  considered  when  using  these  data  sets  to  infer  trends  in  ozone  concentrations. 

There  are  several  sources  of  error  with  the  Nimbus  4 BUV  which  may  introduce  long  term  drifts 
into  the  inferred  ozone  profiles.  The  two  principal  unknowns  are  the  effect  of  the  assumption 
of  constant  solar  spectral  irradiancc  in  the  region  of  250  to  340  nm  over  the  7-year  data  record 
and  the  wavelength  dependent  changes  in  the  instrument  sensitivity.  The  most  probable 
consequence  of  either  of  the  effects  is  a slowly  varying  monotonic  change  with  wavelength  or  a 
similar  change  in  the  ozone  profile  which  most  likely  would  increase  with  decreasing 
wavelengths.  This  would  produce  the  greatest  bias  at  the  highest  aititu<ies.  Indeed,  as  was 
already  (kscussed,  a slowly  varying  drift  in  the  Nimbus  4 measurements  was  noted  when  the 
satellite  observations  were  compared  with  synchronous  collocated  total  ozone  observations  taken 
at  Dobson  stations  (see  Figure  2-5). 

in  addition,  the  coverage  for  vertical  profile  retrievals  was  compromised  by  interference  from  the 
Van  Allen  radiation  belt  in  the  vicinity  of  the  South  Atlantic  off  the  northeast  quadrant  of  South 
America.  Furthermore,  the  BUV  system  is  dependent  upon  Umkehr,  rcxket  and  bal  Icon  sondes  for 
validation  assessment  of  instrument  performance,  but  there  h^  been  an  insufficient  amount  of 
ground  truth  ozone  profile  data  which  can  be  relied  upon  to  be  free  from  either  slowly  varying 
biases  or  stc^p  function  changes  such  as  could  be  introduced  when  shifting  from  one  system  to 
another  as  happened  to  the  rocket  optical  ozonesonde  between  Nimbus  4 and  Nimbus  7.  Trend 
prediction  from  satellite  data  could  be  greatly  improved  if  the  absolute  accuracy  or  the  long  term 
precision  were  improved  significantly. 

The  SBUV  instrument  incorporated  three  principal  changes  to  overcome  the  major  shortcomings 
in  the  Nimbus  4 BUV  instrument.  The  first  was  that  an  optical  chopper  was  introduced  which 
eliminates  the  interference  due  to  the  South  Atlantic  anomaly.  Secondly,  the  diffuser  plate  is 
stowed  and  protected  when  solar  observations  are  not  being  made.  Hence,  degradation  of  the 
diffuser  plate  is  no  bnger  a serious  problem.  Finally,  a special  observational  mo(ie  was  added 
which  makes  it  possible  to  measure  either  the  solar  spectral  irradianoe  between  160  to  400  nm  or 
the  atmospheric  radiances  from  190  to  400  nm  fer  investigating  variations  in  the  ultraviolet  solar 
flux  as  well  as  possible  time  dependent  changes  in  the  scattering  properties. 


THE  STKATOSPi«RE  1«i1:  THEORY  ANU  MEASUREMB^TS 


i*2B 


OBSERVATIONS  OF  TEMPERATURE  PROFILES 

Satellite  measurements  of  stratospheric  temperature  profiles  have  been  nuKle  on  a continuous 
basis  since  April  1%9  when  the  Satellite  IR  Spectrometer  (SIRS-A)  flew  on  Nimbus  3.  The  data 
have  been  gathered  from  several  instruments  flown  on  a number  of  satellites  sponsored  by 
NOAA,  NASA,  and  DoD.  The  NOAA  satellites  have  provided  operational  temperature  data  for 
meteorological  purposes.  DoD  also  collects  operational  temperature  data  for  defense  purposes. 
These  data  are  not  availabte  except  that  the  radiance  data  from  the  four  satellites  (F'1  through 
F-4)  which  carried  the  MFR  have  been  made  available  for  analysis  along  with  ozone  channel  data. 

Tables  2-10  through  2-13  provide  more  details  on  the  available  tempertture  measurements 
together  with  information  on  their  characteristics  and  availability.  For  convenience,  the  tables 
have  been  divided  into  two  parts:  Tables  2-10  and  2-11  list  the  NASA  and  DoD  (MFR)  data,  while 
Tables  2-12  and  2-13  list  the  NOAA  operational  data.  With  the  exception  of  the  IRIS  and  MFR 
data,  all  of  the  temperature  results  in  Tables  2-10  and  2-11  ar^  or  will  be  available  from  NSSDC. 
All  of  the  data  in  Tables  2-12  and  2-13  are,  or  will  be,  available  from  the  NOAA  Data  Center  at 
Asheville,  North  Carolina. 

ANALYSIS  AND  INTERPRETATION  OF  SATELLITE  DATA 
INTRODUCTION 

The  characteristics  and  current  status  of  satellite  data  sets  for  ozone  and  temperature  in  the 
upper  atmosphere  were  described  in  the  preceding  section.  The  analysis  of  these  data  and 
subsequent  interpretation  of  results  are  still  at  an  early  stage  in  most  instances.  The  reasons  for 
the  often  considerable  time  between  satellite  observation  and  data  archival  and  use  are  not 
widely  appreciated  and  hence  will  be  briefly  discussed  here.  Remote  sounding  of  the  atmosphere 
requires  highly  accurate  and  precise  radiometry  or  photometry,  typically  better  than  3%  accuracy 
with  even  better  precision.  It  takes  time  to  demonstrate  that  these  stringent  instrument 
requirements  are  being  met  in  orbit.  Processing  algorithms  generally  must  be  revised  to  account 
for  unexpected  atmospheric  and  instrumental  effects.  Comparative  data  from  in  situ 
measurements  often  entail  further  delays.  Finally  the  manipulation  of  huge  data  sets  — typically 
lO"'"*  bits/year  with  large  increments  arriving  daily  — represents  a logistics  problem  that  should 
not  be  underestimated. 

There  is  no  doubt  that  the  existing  data  hold  high  potential  for  addressing  key  scientific 
questions.  This  has  already  occurred  in  the  case  of  some  data  (e.g.,  BUV  results  during  a solar 
proton  event;  dynamics  studies  using  SCR,  PMR,  and  LRIR  data).  Our  ability  to  study  the 
atmosphere  and  to  understand  important  problems  will  accelerate  as  the  Nimbus  7 LIMS,  SAMS, 
SBUVAOMS,  SAM  II  and  SAGE  experiment  data  become  more  fully  analyzed. 

In  this  section,  we  will  first  discuss  some  of  the  ways  in  which  satellite  data  may  be  utilized  for 
global  studies  with  particular  emphasis  on  some  of  the  limitations  of  such  studies.  An 
extensive,  but  not  complete,  bibliography  of  upper  atmosphere  studies  that  have  been  reported 
to  date,  is  given  in  Appendix  C.  This  is  organized  in  tabular  form  by  instrument  and  parameter 
measured  to  provide  a convenient  reference  to  such  studies.  This  list  of  references  was  compiled 
by  questionnaire  to  the  satellite  instrument  investigators,  and  should  not  be  taken  to  be  ail 
inclusive.  Then,  there  is  a discussion  of  some  of  our  progress  in  understanding  large-scale 
dyn^nics  and  transport  that  has  come  from  the  analysis  of  satellite  data.  Finally,  there  is  a brief 
discussion  of  some  remaining  problems  for  which  the  analysis  of  past,  present,  and  future 
satellite  data  should  be  most  important  in  increasing  our  understanding. 


Table  2-10 

NASA  and  DoD  Satellite  Measurements  of  Atmospheric  Temperature  Profiles  - Measurement  Parameters 


Instrument 

Satellite 

Time  Period 

Lat.  Range 
(Deg.) 

Altitude 

Range 

Spatial  Resolution 

Duty 

Cycle 

Estimated 

Measurement 

Uncertainty 

Comments 

Vertical 

m 

IKiS 

Nimbus  4 

4/70-1/71 

SOS  to 
SON 

10-35  km 

— 6 km 

96  km 

Orbit  spacing 

Continuous 

1.5  K 

Thermal  emission  mea- 
surements at  noon  and 
midnight  local  time. 

SCK 

6 Channel 

Nimbus  4 

4/70-12/72 

so  S to 
SON 

040  km 

~7  km 

Orbit  spacing 

Continuous 

1 K 

SCR 

16  Channel 

Nimbus  5 

12/72- 

6/76 

SOS  to 
SON 

045  km 

— 7 km 

Orbit  spacing 

Alternate 
days  to 
alternate 
weeks 

1 K 

IJ<IR 

Nimbus  6 

6/75-1/76 

64  Sto 
84  N 

15-65  km 

3 km 

12  km 

Orbit  spacing 
(-2500  km) 
{-“1300  km  by 
combining 
ascending  and 
descending 
node  data) 

75% 

1 K A 
1 K P 

Vertical  resolution, 
S'  curacy,  and  pre- 
cision are  somevidiat 
altitude  dependent 

PMR 

Nimbus  6 

6/76-  6/81 

SO  Sto 
SON 

4090  km 

-“10  km 

Orbit  spacing 

Continuous 

1 K 

NOTt  A denotes  accuracy 
P denotes  precision 


MULTIDIMENSIONAL  ASPECTS:  OZONE,  TEMPERATURE  AND  TRANSPORT  2-29 


Table  2-10 

NASA  ami  DoD  Satellite  Measurements  of  Aunospheric  Temperature  Profiles  - Measurement  Parameters  (continued) 


^ r 

Time  Penod 

Lat.  Range 

(Deg) 

Spatial  Resoluuon  | 

Duly 

Cycle 

Estimated 

Measurement 

Uncertainty 

Comments 

Instrument 

Satellite 

Altitude 

Range 

Vcriical 

Along 

Track 

Cross 

Track 

SAMS 

Nimbus  7 

10/78  to 
Present 

SOS  to 
70  N 

15-90  km 

10 

100  km 
based  on 
vertical 
scan 

Orbit  spacing 

Data  inter- 
polated to  a 
grid  2.5*  lati- 
tude X 1 0° 
longitude 

75%  (3 
days  on, 

1 day  ofO 

3K  A 
1 K P 

Accuracy  is  a funcuon 
of  height.  It  is  expected 
to  improve  somewhat 
with  further  processing. 

LIMS 

Nimbus  7 

10/78  to 
5/79 

64  Sto 
84  N 

10-70  km 

--S  km 

84  km 

1 

Orbit  spacing 
(--2500  km) 
(-1300  km 
by  combining 
ascending  and 
descending 
nude  data) 

75% 

3 K A 
1 K P 

Effective  duty  cycle 
including  ERB  inter- 
ference effects. 

Vertical  resolutiem, 
accuracy,  and  precision 
are  somewhat  altitude 
dependent 

MER 

DMSP 

Block  SD 

E-l 

F-2 

F-3 

F4 

3/77-7/77 

7/77-2/80 

8/78-1/80 

6/79-1/80 

AU  lati- 
tude (98" 
polar 
orbit) 

Upper 
Trop. 
to  upper 
strat. 

Nadir 
circular 
IFOV 
D1A  = 

39  km, 
207  km 
between 
soundings 

Instrument  is 
nadir  looking 
with  cross 
track  scan 
capability 
of  1021  km 
on  each  side 
of  nadir.  58 
km  to  157 
km  between 
cross  track 
IFOV  center 

100%  of 
orbit 



Temperatures 
have  not  been 
retrieved 
from  radiance 
data 

NOTf  A denotes  accurac> 
P denotes  precision 
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Table  2-1 1 

NASA  and  DoD  Satellite  Measurements  of  Atmospheric  Temperature  Profiles  - Data  Information 


iJau 

Data 

Invesugator, 

Imtnimml 

Silellite 

Availabibly 

Products 

Format 

InstiiuUon 

Comments 

IRIS 

Nimbus  4 

From 

Reduced 

Magnetic 

B.  J.  Conrath, 

uivcsuptuf 

data  T(p) 

tape 

NASA/GSfC 

SCR 

Nimbus  4 

NSSUC* 

Calibrated 

.Magnetic 

J.  T.  Houghton 

*Raw  data  reta.iied  by  investigator. 

6 Oiannei 

radiances 

tape 

University  of  Oxford 

Contact  investigator  about  avail- 

(from 

ability  of  retrieved  and  analyzed 

invcttigaior ) 

data  products. 

SCR 

Nimbus  S 

NSSIX 

Calibrated 

.Magnetic 

J.  T.  Houghton 

16  Ounnel 

radiances  (from 
invesugator) 

tape 

University  of  Oxford 

LRIR 

Nimbus  6 

Amid  pile 

Inverted 

Magnetic 

J.Gille.NCAR 

archival 

profiles. 

tape 

at  NSSDC 

coemcients 

Juniig  1982 

fuf  mapping 

PMR 

Nimbus  6 

NSSDC 

calibrated 

Magnetic 

}.  T.  Houghton 

radiances 

upe 

University  of  Oxford 

SAMS 

Nimbus  7 

NSSDC 

Radiances 

Magnetic 

F.  W Taylor 

and  gndded 
temperatures 

tape 

University  of  Oxford 

UMS 

Nimbus  7 

AnUcipaie 

Vertical  profiles. 

Magneuc 

J.Gille.  NCAR 

archival 

coemcaents  for 

tape. 

J Rusiell.  NASA/LaRC 

at  NSSDC 

mappmg.  laUtudi- 

dunng 1982 

nal  cro«  sectkms. 
maps  on  constant 
prenure  surfaces, 
radiance  vertical 
profiles 

microfilm 

Ml-R 

DMSP 

Railiaiicc 

Radiance 

Magne  tic 

F M Luther 

Radiance  data  available 

Stuck  S 

<tata  avail- 

data 

tape 

IXNL 

for  'emperature  profiles  from 

FI 

able  from 

upper  troposphere  to 

F-2 

NOAAor 

mid-stratosphere.  These 

F 3 

LLNL 

data  have  not  been 

r-4 

reduced  at  the  preaent 
lime. 
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Table  2-12 

NOAA  Satellite  Measurements  of  Atmospheric  Temperature  Profiles  - Measurement  Parameters 


Instrument 

— 

SaieUite 

Time  Period 

Lat.  Range 
(Oeg  I 

Altitude 

Range 

— 
Spatul  Rrtolutiofi 

— 

Duty 

Cycle 

Estimated 
Measurement 
L'n  certainty 

Comments 

Vertical 

SIRS  A 

Nimbus  3 

4/69-9/70 

30S-80N 

0-30  km 

S-lOkm 

300  km 

400  km 

Continuous 

mi 

SIRS  B 

Nimbus  4 

4/70-10/72 

80S-80N 

0-30  km 

S 10km 

400  km 

400 

Continuous 

2-3  K 

IIPR 

Nimbus  S 

12/72-6/74 

82  S - 82  N 

0-30  km 

S-IO  km 

400  km 

SO  km 

Intemuttent 

2-3  K A 
1 K P 

VTPR 

NOAA  2 
NOAA  3 
NOAA  4 
NOAA  5 

10/72 

3/79 

90S-90N 

0-30  km 

500-700 

km 

Continuous 

2-3  K A 
1 K P 

IlIRS 

Nimbus  6 

6/75-3/76 

■ 

0-40  km 

1 

S-lOkm 

200  km 

250  km 

Intermittent 

2-3  K A 
1 K P 

TOVS 

SSL' 

BSL 

(HIRS-2) 

MSL 

TIROS^S 
NOAA  6 
ami  sub- 
sequent 
spacecraft 

3/79  to 
Present 

90  S - 90  N 

O-SO  km 

S-lOkm 

210  km 

220-500 

km 

Continuous 

2-3  K A 
1 K P 

TwoMtellite  system 

NUn  A denolei  accuracy 
P denotes  precision 
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Tabk  2-13 

NOAA  Satellite  MeasuiemenU  of  Atmoapheric  Temperature  Profiles  - Dau  faifomution 


Instrument 

Saielljie 

Data 

Availability 

Oau 

Products 

Format 

Investigator. 

Institution 

Commentt 

SIRS  A 

Nimbus  3 

NSSDC 

Vertical 

temperature 

soundings 

Magnetic 

upe 

0.  Q.  Wark 
NOAA/NESS 

SIR5B 

Nimbus  4 

NSSDC 

Vertical 

temperature 

sounumgt 

Magnetic 

tape 

D.Q.Wark 

NOAA/NJESS 

ITPR 

Nimbus  S 

NSSDC 

Vertical 

temperature 

soundings 

Magnetic 

tape 

W.L.  Smith 
NOAA/NESS 

VTPR 

NOAA  2 
NOAA  3 
NOAA  4 
NOAA  5 

NCC 

Asheville. 
N.  C. 

Vertical 

temperature 

soundings 

Mapietic 

tape 

Operational  Data 
No  mvestigator 

HIRS 

Nimbus  6 

NCC 

Asheville, 

N.C. 

Vertical 

temperature 

soundings 

Magnetic 

tape 

W.L  Smith 
NOAA/NESS 

TOVS; 

SSU 

BSU 

CHIRS-2) 

MSU 

TIROS  N 
NOAA  6 
and 

subsequent 

spacecraft 

NCC 

Asheville, 
N.  C. 

Vertical 

temperature 

_ru. 

Magnetic 

tape 

Operational 

data 

I 
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DIAGNOSTIC  STUDIES  AND  SATELLITE  DATA 

Satellite  data  have  revealed  the  structure  of  phenomena  in  tlw  stratosphere  which  could  r>ot  be 
resolved  with  the  current  network  of  balloon  and  rodtet  observatio  ^ In  addition  to  their  use  in 
phenomenological  studies^  satellite  data  can  In  principle  be  used  cfiagnose  (i.e.,  to  describe 
and  understand)  the  manner  in  which  various  physical  conservation  laws  are  satisfied  in  the 
stratosphere.  Oir^nosls  in  terms  of  the  conservation  laws  is  an  aid  to  understanding  the 
maintenance  of  the  properties  of  the  atmosphere  and  provides  an  obiective  method  of 
cNrtermining  the  'importance*  of  the  various  phenomena  observed. 

The  conservation  laws  include  the  conservation  of  mass  (both  for  individual  constituents  and 
their  aggregate),  conservation  of  momentum,  and  conservation  of  energy.  The  latter  can  be 
further  subdivided  into  heat  balance  kinetic  energy*  balance  available  potentid  energy  balance, 
etc.  The  conservation  laws  are  normally  written  in  partial  differential  equation  form  for  the 
purpose  of  diagnostic  analysis.  To  approximate  the  terms  in  these  equations,  one  requires  the 
values  of  the  variables  of  interest  a^t  all  points  in  the  region  of  interest  M one  instant  in  time.  In 
meteorology,  these  instantaneous  fields  are  often  called  synoptic  fields. 

Several  steps  are  required  to  employ  satellite  data  in  diagnostic  studies.  These  are  outlined 
below . 


• Convert  Satellite  Instrument  Data  to  Physical  Variables  - Instrument  counts  must  be 

converted  to  physical  data  such  as  temperature  and  constituent  concentrations  as  functions 
of  pressure  at  the  location  and  time  of  measurement.  The  accuracy  of  this  procedure  can  be 
assessed  through  measurement  error  budgets  based  uoon  the  instrument  mo<M  and  by 
comparison  with  correlative  data. 

• Construct  Synoptic  Fields  of  Physical  Variables  - Data  from  satellites  in  all  but  geo- 

synchronous orbits  are  asynoptk  in  nature.  Sun-synchronous,  polar-orbiting  satellites 
^nerally  view  a particular  geographical  region  once  during  the  day  and  once  during  the  night. 
If  only  day  or  only  night  observations  are  used  to  construct  a synoptic  field,  then  24  hours 
are  required  to  obtain  one  observation  from  all  geographical  regions.  Thus,  24  hours  rnay  pass 
before  adjacent  longitudes  are  sampled.  If  day  and  night  observations  can  be  combined  in  a 
single  ..nalysis,  then  12  hours  are  required.  Rodgers  (1977a)  has  developed  a numerical 

filtering  approKh  which  overcomes  some  of  the  problems  encountered  in  the  construction  of 
synoptic  fields  from  asynoptic  data.  In  general,  however,  only  phenomena  which  are 
large-scale  and  slowly  varying  or  very  regul®’  in  tinie  can  be  resolved  by  asynchronous 
measurement  from  a single  polar  orbiting  satellite  and  then  be  incorporated  faithfully  into  the 
synoptic  fields  derived  therefrom, 

• Approximate  Unmeasured  Variables  - Current  satellites  measure  only  temperature  and 

constituent  concentrations.  To  perform  budget  calculations  using  the  conservation  laws,  the 
velocity  field  is  also  required.  The  height  of  constant  pressure  surfaces  can  be  obtained  from 
profiles  of  temperature  as  a function  of  pressure  with  the  hydrostatic  equation  if  a boundary 
condition  on  the  height  is  known.  Various  ^proximal ions  to  the  fields  of  the  horizontal 
wind  velocity  can  be  obtained  from  the  height  fields.  The  simplest  and  most  often  used  of 
these  approximations  is  the  geostrophic  approximation. 

Estimates  of  the  vertical  velocity  can  be  obtained  by  use  of  the  vorticity  equation,  the  thermo- 
dynianic  equation  or  their  combination  in  the  form  of  the  omega  equation.  These  estimates  of 
the  vertical  velocity  Luild  on  the  approximations  used  to  obtain  the  horizontal  wind  field  and 
also  require  additional  information.  Thermodynamic  vertical  velocities  require  the  heating  rates  be 
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known,  while  the  vorticity  and  omega  equations  ^so  require  assumptions  or  knowledge  about  the 
momenttan  damping  by  unresolved  scales  and  boundary  conditions  on  the  vertical  velocity. 

After  all  of  the  above  steps  have  been  completed,  it  is  dear  that  Miy  diagnostic  studies  which 
we  perform  with  these  data  are  circumscribed  by  the  following  limitrgions. 

e Resolution  - Only  those  phenomena  which  an  (1)  resolved  l>y  the  measurement  and  inversion 
process,  and  (2)  preserved  during  the  construction  of  synoptic  fidds  will  be  represented  in 
the  data,  and  only  their  influences  will  appear.  Only  the  largest  horizontal  and  vertical  scdes 
and  phenomena  which  are  extremely  regular  or  slowly  varying  in  time  can  be  properly  resolved 
with  a single  polar-orbiting  satellite.  The  effects  of  phenomena  not  resolved  by  the  measure- 
nrwnt  and  mapping  process  will  not  be  explicitly  incorporated  in  the  estimated  mass, 
momentum,  and  energy  budgets. 

e Accuracy  - Even  limiting  consideration  to  those  phenomena  which  are  well  resolved,  only 
dic^nostic  studies  which  require  precision  consistent  with  the  level  of  <^roximation  ^plied 
in  determining  the  bask  data  are  sensible.  For  example,  if  the  Rossby  number  for  the  waves 
in  the  stratosphere  is  0.1,  then,  theoretically,  the  determined  geostrophk  winds  should  be 
within  10%  of  the  true  winds  if  the  height  field  has  been  perfectly  measured.  With  these 
winds  it  is  possible  to  determine  product  terms  such  as  the  zonal  mean  nomentum  transport 
by  the  waves  to  within  20%  (this  error  growth  due  to  multiplication  is  probably  uorealisticaltv 
pessimistic,  particularly  after  zonal  averaging), 

e Since  the  tendency  term  (that  which  expresses  rate  of  change  with  time)  in  conservation 
equations  is  generally  small  compared  to  those  terms  which  we  can  estimate  only  to  at  best 
10  to  20%  accuracy,  we  cannot  estimate  the  terms  in  the  equation  accurately  enough  to 
determine  which  of  them  are  most  responsible  for  the  tenderury.  The  same  argument  can  be 
applied  to  the  heat  and  mass  balances  to  deduce  that  zonal-mean  temperature  and 
constituent  tendencies  cannot  be  predicted  with  current  satellite  data  as  input  except  in 
those  rare  instances  when  the  tendency  is  extremely  large. 

• Rewriting  the  conservation  equations  to  eliminate  some  of  the  cancellation  which  appears  in 
zonally  averaged  equations  has  improved  the  clarity  of  their  diagnostic  function  (Andrews  and 
McIntyre,  1976;  Edmon  et  al.,  1980),  but  it  does  not  alleviate  the  problem  that  the  wind 
estimates  are  accurate  to  first  order,  whereas  the  time  tendencies  one  wishes  to  explain  are 
normally  second  order  effects. 

Domain  of  Applicability  - Because  of  the  breakdown  of  simple  geostrophic  balance 
relationships  between  the  wind  and  height  fields  In  the  tropics,  estimates  of  the  horizontal 
velocity  fields  based  upon  the  height  field  are  very  inaccurate,  if  not  worthless,  in  the 
tropics.  Thus,  only  diagnostic  studies  of  the  extratropkal  stratosphere  are  possible  with 
satellite  temperature  data  using  present  techniques. 

Despite  all  of  these  limitations,  diagnostic  studies  using  satellite  data  are  not  only  useful  in 
increasing  our  understanding  of  the  dynamics  and  general  circulation  of  the  stratosphere  and 
mesosphere  but  constitute  the  principal  data  base  for  such  studies  of  global-scale  dynamics  and 
transport. 

While  these  limitations  should  be  kept  in  mind  when  utilizing  satellite  data,  such  data  ma^e 
possible  analyses  of  global-scale  dynamics,  constituent  distribution,  and  constituent  transport 
above  the  lower  stratosphere  that  cannot  be  accomplished  by  any  other  means.  These  analyses 
have  been,  and  should  increase  in  importance  as,  a very  active  and  valuable  area  of  stratospheric 
research  (see  Cille,  1979,  for  a review).  Di,ring  the  last  decade  there  have  been  such  great 
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numbers  of  scientific  investigetions  of  the  stretosphere  using  stellite  data  that  it  is  not 
practical  to  do  a con^rehensive  revicMv  of  these  results  here.  Ratlwr,  in  Appendix  C we  list  by 
author  and  title  soma  the  analyses  of  sateliite  data  that  h^  been  accomplished.  This  list  has 
been  compiled  by  asking  satellite  instrument  ^oups  for  lists  of  publications  that  have  used  their 
data  and  is  nvMt  to  be  illustrative  rather  then  comprehensive.  There  is  a brief  discussion  of 
some  of  the  scientific  output  that  has  come  from  these  satellite  data  analyses  in  the  next 
section.  Again,  this  discussion  is  me«it  to  be  illustrative  rather  than  comprehensive. 

SCIENTIFIC  RESULTS 

The  previous  sections  have  contained  discussions  of  the  capabilities  of  various  satellite 
instruments  that  give  global  data  sets  from  which  the  distribution  of  stratospheric  parameters 
can  be  derived.  In  Appendix  C,  an  indication  has  been  i^ven  of  the  status  of  the  ongoing 
research  using  these  data  sr  s.  The  following  section  contains  .)  discussion  of  some  of  the 
scientific  advances  that  have  come  from  the  analysis  of  ^bai  stratospheric  data  sets  that  were 
derived  from  sateiiitc  measurements.  More  extensive  reviews  on  this  subject  are  those  of  Cille 
(1979)  and  the  discussion  in  Chapter  5 of  NASA  RP  1049.  In  this  discussion,  we  will  try  to 
indicate  also  in  what  future  areas  of  stratospheric  research  the  diagnostic  analysis  of  global 
stratospheric  satellite  data  sets  should  make  major  contributions  over  the  next  few  years  and 
beyond. 

Maan  Atmoipharic  Tamparatura  Oistributton 

The  described  stratospheric  satellite  data  have  added  greatly  to  ^ e geographical  coverage  that 
was  available  earlwr.  This  is  especially  true  over  oceans,  above  iU  km,  and  in  the  Southern 
Hemisphere.  These  data  have  both  confirmed  many  previously  observed  features,  and  added  an 
enormous  amount  of  detail.  Differences  between  Northern  and  Southern  Hemispheres  are 
particularly  apparent.  The  Southern  Hemisphere  winter  polar  tropopause  (19U  K)  is  colder  than 
its  Northern  Henxsphere  counterpart  (205  K)  while  the  Southern  Hemisphere  summer  polar 
tropopause  (235  K)  is  warmer  than  the  Northern  Hensisphere  (230  K).  These  differences  in  the 
mean  state  in  the  two  hemispheres  are  probably  due  in  part  to  the  variation  in  the  Sun-fcarth 
distarace  during  the  course  of  the  year.  Other  interhemispherical  differences  can  be  observed  at 
the  stratopause.  Labitzke  (1974)  discussed  differences  in  the  temperature  regions  between 
Northern  Hemisphere  and  Southern  Hemisphere,  while  Harnett  (1974)  has  discussed  their  annual 
variation. 

Simitarty,  the  global  mean  temperature  of  levels  in  the  middle  and  upper  stratosphere  show 
primarily  an  annual  cycle  of  a few  degrees  amplitude  (see  Harriett,  1974).  This  is  believed  to  be 
due  to  the  ellipticity  of  the  Earth's  orbit  about  the  Sun,  the  maximum  temperature  occurring  in 
December  when  the  Earth  is  nearest  to  the  Sun.  It  is  an  important  result  because  it  implies  that 
for  these  layers  (hut  nut  for  the  upper  mesophere  as  noted  below),  changes  of  insolation  are 
balanced  by  changes  with  each  layer  independently,  whereas  such  small  perturbations  might 
reasonably  have  been  expected  to  be  hidden  by  vertical  heat  transfers  from  other  layers. 

Hirota  and  Barnett  (1977)  have  shown  that  zonal  mean  temperatures  near  the  winter  pole  have  an 
almost  perfect  negative  correlation  between  stratopause  and  mesopause  levels.  This  was 
previously  well  knowi  for  seasonal  variations  (i.e.,  that  the  mesopause  is  hottest  during  winter 
whereas  the  stratopause  is  hottest  in  summer),  but  the  measurements  show  that  this  is  also  true 
on  time  scales  of  a few  days  during  warming  events,  when  peaks  or  dips  of  tenx>erature  at  the 
stratopause  are  mirrored  by  d«p$  or  peaks  respectively  near  the  mesopause.  This  result  together 
with  the  early  satellite  finding  by  Fritz  and  Soules  (1*^)  that  winter  warmings  at  extratropical 
northern  latitudes  were  accompanied  by  global  scale  decreases  of  tenrgserature  in  the  tropics  and 
in  the  Southern  Hemisphere  clearly  points  to  the  intportant  role  of  variations  in  meridional  heat 
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transports  for  warming  events.  Crarm  (197%)  has  recently  studied  the  annual  and  semiwmual 
cycles  of  zonal  and  global  mean  t^perature  in  the  mesosphere.  The  annual  cycle  of  the  global 
mean  near  the  mesopause  is  very  much  like  that  at  lower  levels,  having  similar  amplitude  and 
phase.  However,  there  is  also  a strong  semiannual  component  nei^  the  mesopause,  whereas  the 
semiannual  corr^Mnent  is  much  weaker  at  lower  levels.  Further  examination  shows  that  near  the 
mesopause,  the  half  year  wave  is  in  phase  at  all  latitudes,  thus  giving  a net  global  component, 
whereas  at  lower  levels,  the  tropical  semiannual  component  is  out  of  phase  with  mid-  and  high- 
latitudes,  giving  a fairly  precise  cancellation.  There  is  currently  iittb  understanding  of  these 
variations. 

The  mean  zonal  wind  may  be  calculated  from  these  temperatures,  using  the  geostrophic 
relationships.  Leovy  and  Webster  (1976)  compared  the  Northern  and  Southern  Hemisphere  mean 
zonal  winds  during  winters.  They  found  similar  cross  sections  in  early  winters  (although  the 
strongest  winds  were  5 to  10*  closer  to  the  pole  in  the  Southern  itemisphere).  Perhaps  most 
intriguing,  they  found  that  the  calculated  potential  vorticity  gradient  would  sometimes  satisfy  the 
conditions  for  barotropic  instability. 

Planetary  Scale  Waves 

Satellite  observations  have  been  very  valuable  in  establishing  the  climatology  and  phenomenology 
of  large-scale  waves,  especially  of  the  propagation  of  mid-latitude  Rossby  waves.  Planetary  scale 
waves  are  easily  observed,  because  It  is  possible  to  study  spatial  and  temporal  variations  of 
radiances  without  the  necessity  for  absolute  calibrations,  or  for  inversion  of  the  radiances  to 
obtain  temperatures.  Of  course,  without  derived  temperatures,  only  phenomenological  studies 
can  be  carried  out. 

Quasi-stationary  Rossby  waves  are  particularly  suitable  for  study  with  nadir  viewing 
measurements  because  of  the  large  amplitude  of  the  temperature  variations,  large  vertical 
wavelength,  and  their  small  phase  nrK>tion  between  satellite  observations.  In  addition,  they 
appear  to  be  ubiquitous,  or  nearly  so,  and  have  been  studied  by  numerous  authors.  Such  studies 
(e.g.,  Fritz,  1970)  have  found  traveling  and  stationary  waves  with  largest  amplitudes  in  winter,  as 
exfjected,  by  analyzing  SIRS  radiances.  Quasi-stationary  waves  in  the  Northern  Hemisphere  are 
twice  as  strong  as  in  the  Southern  Hemisphere. 

The  vertical  structure  of  these  waves  has  also  been  clarified.  Hirota  and  Barnett  (1977)  ‘howed 
that  the  temperature  waves  can  have  significant  amplitude  to  the  mesopause  at  least,  with  the 
maximum  amplitude  occurring  as  high  as  65  km  for  waves  1 and  2,  although  Kohfi  (1981)  found 
maxima  at  45  km  during  a less  active  winter.  He  confirmed  Leovy  and  Webster's  (1976)  finding  of 
large  variations  in  wave  amplitude,  with  maximum  amplitudes  occurring  at  6(f  in  both 
hemispheres. 

Hirota  (1976)  clearly  showed  that  for  wave  1,  the  wave  axis  tilts  westward  with  height,  except  in 
the  tropics.  This  westward  tilt  is  consistent  with  our  picture  of  vertically  propagating  planetary 
waves,  and  indicates  poleward  transport  of  heat  (and  associated  vertical  flux  of  energy).  At  a 
given  altitude,  the  waves  tilt  toward  the  east  in  the  poleward  direction.  This  indicates  a 
poleward  transport  of  eddy  momentum.  Wave  2 has  similar  behavior,  but  not  as  pronounced. 
Barnett  (1975a)  has  pointed  out  a previously  unnoticed  feature;  these  waves  extend  across  the 
Equator  in  the  equinoctial  seasons. 

Dynamical  Phanomana  and  Satallita  Data 

The  structure  of  the  stationary  planetary  waves  in  the  middle  and  upper  stratosphere,  as  revealed 
by  satellites  generally  supports  the  theoretical  ideas  of  Charney  and  Drazin  (1%1),  Matsuno 
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(1970),  Dickinson  (1966a,  196Bb)  and  others  on  the  propagation  of  planetary  waves  in  the 
meridional  plane.  Kohri  (1961),  for  «»(arT^le,  has  used  LKiR  data  to  show  that  the  term  Uyy, 
makes  an  important  contribution  to  the  refractive  index  and  plays  an  important  role  in  ducting 
the  waves  into  the  upper  stratosphere.  This  behavior  was  anticipated  theoretically  by  Simmons 
(1974). 

Regular  westward  prop^ting  waves  of  period  5 and  2 days  have  been  identified  as  atmospheric 
normal  modes.  The  characterization  of  the  structure  of  the  5 day  wave,  Rodgers  (1977),  Rod^rs 
and  Prata  (1981),  for  example,  now  allows  the  extensive  development  and  refinement  of  the 
theory  of  such  oscillations  (Geisler  and  Dickinson,  1976;  and  Salby,  1981,  for  example). 

In  the  Southern  Hemisphere  winter,  planetary  waves,  particularly  zonal  wavenumbers  2 and  3, 
have  been  shown  to  propagate  eastward  during  winter  quite  regular  phase  speeds  (Deland, 
1973;  Harwood,  1975;  Hartmann,  1976a;  Leovy  and  Webster,  1976;  Chazi  and  Barnett,  1900).  A 
theory  that  these  are  upward  extensions  of  long  baroclinically  unstable  waves,  has  been  worked 
out  in  detail,  based  on  the  idea  that  such  ultra-long  unstable  waves  can  readily  occur  in  the 
Southern  Hemisphere  but  not  in  the  Northern  because  of  the  unique  structure  of  the  meridionally 
narrow  but  intense  Southern  baroclinic  zone  (Hartmann,  1979;  Straus,  1981).  It  is  possible  that 
such  a mechanism  occasionally  operates  in  the  Nortt>ern  Hemisphere,  but  more  weakly  and  largely 
obscured  by  other  processes. 

Diaprastk  Studies  with  Satellite  Data 

With  stratospheric  satellite  data  there  is  the  capability  of  defining  the  zonal  and  time  mean 
structure  as  well  as  resolying  large-scale  slowly  varying  (with  respect  to  a day)  disturbances.  It 
has  generally  been  accepted  that,  in  the  stratosphere  above  the  level  where  synoptic  scale 
disturbances  can  propagate,  there  is  a region  in  which  large-scale  slowly  yarying  disturbances  of 
the  type  that  can  be  resolved  by  satellite  data  are  of  primary  importance.  It  is  believed  that  the 
general  circulation  in  this  region  can  be  understood  strictly  in  terms  of  the  radiative  forcing  and 
the  dynamical  interaction  between  large-scale  slowly  yarying  wayes  and  the  zonal  mean  flow.  It 
is  also  belieyed  that  at  some  height  farther  up  in  the  stratosphere  or  mesosphere  small-scale 
eddy  motions  become  as  important  as  large-scale  eddies  in  determining  the  zonal  mean 
climatology.  These  ideas  can  be  tested  by  studying  the  heat,  momentum,  and  energy  budgets 
through  diagnostic  studies  including  only  those  phenomena  resolved  by  the  synoptic  analyses 
derived  from  satellite  data.  One  particular  method  of  testing  the  consistency  of  these 
assumptions  is  to  compare  the  mean  meridional  circulations  obtained  as  residuals  in  the  heat  and 
momentum  balances.  Hartmann  (1976b)  used  SCR  data  to  show  that,  while  these  two 
independently  derived  meridional  circulations  agree  to  within  the  expected  uncertainty  in  the 
lower  and  middle  stratosphere,  in  the  upper  stratosphere  they  are  qualitatively  different. 
Subsequent  analyses  of  RvtR  data  by  Crane  et  al.  (1980)  and  of  LRIR  data  by  Gille  et  al.  (1981) 
also  showed  large  differences  between  mean  meridional  circulations  in  the  upper  stratosphere 
and  mesosphere  derived  from  the  zonal  mean  heat  and  momentum  balances  respectiyely.  These 
differences  are  too  large  to  be  explained  by  the  errors  on  scales  resolyed  by  the  satellite  data 
and  suffitest  that  phenomena  not  resolyed  by  the  data  are  becoming  important.  While  it  was 
known  that  at  high  enough  levels  tides,  gravity  waves,  and  turbulence  would  become  as 
important  as  slowly  yarying  planetary  scale  waves,  the  diagnostic  studies  described  above  proviiie 
independent  evidence  on  the  altitudes  at  which  these  phenomena  begin  to  become  import.^"*t. 
They  suggest  that  unresolved  phenomena  are  already  of  major  importance  at  50  km.  The 
inconsistencies  in  the  large-scale  budgets  can  be  rectified  by  postulating  unresolyed  momentum 
sources  or  sinks  which  produce  increasingly  large  zonal  flow  decelerations  with  height.  Estimates 
of  the  effect  of  momentum  carried  upward  by  unresolved  gravity  wayes  seem  sufficient  to 
account  for  the  required  decelerations  (Lindzen,  1981). 
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Crane  (197te)  used  Nimbus  4 SCR  data  to  study  the  energy  budget  during  the  major  stratospheric 
warming  of  January  1973*  Energy  fluxes  and  transformations  were  derived  and  a budget  obtained 
for  each  day  in  a 1-ntonth  period.  There  were  two  main  results;  (1)  the  amplification  of  the 
temperature  wave  in  the  10  to  2 mbar  layer  during  the  warming  result^  from  a transfer  of  eddy 
potential  energy  from  the  50  to  10  mbar  layer,  thus  within  the  stratosphere,  and  not  from  below 
50  mbar,  and  (2)  the  eddy  kinetic  energy  maxima  at  high  latitudes  were  caused  primarily  by 
vertical  energy  flux  convergence,  whereas  at  rryd-latitudes  the  maxima  were  caused  by  barotropic 
conversion. 

One  of  the  goals  for  the  LRIR  data  set  is  to  determine  the  components  of  stratospheric 
energetics  for  different  seasons,  Kohri  (1981)  and  Kohrl  and  Gille  (1981)  have  calculated  some  of 
the  components  for  waves  1 and  2 for  December  1975.  These  confirm  some  earlier  observations 
that  indicate  the  energy  of  the  eddies  is  maintained  in  the  lower  stratosphere  by  forced 
barociinic  conversion,  whereas  the  convergence  of  upward  prop^ting  kinetic  energy  provides 
the  drive  in  the  upper  stratosphere.  0^  particuiai  interest  is  the  large  time  variability  of  the 
balances  that  control  stratospheric  energetics  observed. 


Total  Ozona  Distribution 

Satellite  observations  have  now  provided  a picture  of  the  global  mean  distribution  of  ozone  and 
its  variations  with  a coverage  not  previously  possible.  Two  parameters  are  discussed:  the  total 
ozone  in  a vertical  column,  and  the  concentration  as  a function  of  altitude,  or  vertical 
distribution.  The  total  ozone  is  of  great  importance,  since  this  is  what  protects  the  Earth's 
surface  from  biologically  harmful  ultraviolet  radiation.  Corrected  results  for  the  first  2 years  of 
Nimbus  4 operation  have  been  presented  by  Hilsenrath  et  ai.  (1979b),  Heath  (1980),  and  Chazi 
(1980b).  They  include  monthly  mean  global  maps,  zonal  mean  values  as  a function  of  time,  the 
annual  mean  values  over  the  globe  (which  vary  with  longitude)  and  temporal  variations  of  the 
global  total  ozone.  This  latter  quantity  is  not  constant,  but  varies  from  season  to  season,  and 
from  one  year  to  the  next,  making  a search  for  trends  very  difficult,  as  discussed  in  Chapter  3. 
Tolson  (1981)  and  Hilsenrath  and  Schlesinger  (1981)  have  used  the  entire  7-year  BUV  data  set  to 
determine  variations  in  the  zonal  means.  Tolson  (1981)  also  investigated  the  longitudinal  waves 
1,  2,  and  3 in  total  ozone.  Prabhakara  et  al.  (1976)  have  presented  seasonal  maps  of  total  ozone 
based  on  IKIS  results.  There  have  also  been  analyses  of  total  ozone  from  IRIS  and  BUV  that 
suggest  a relationship  between  global  total  ozone  and  solar  activity  (Blackshear  and  Tolson, 
1978;  Keating,  1978;  Keating  et  al.,  1981).  These  results  are  rather  controversial  (London  and 
Reber,  1979;  Reber  and  Huang,  1981).  The  satellite  maps  of  total  ozone  confirm  the  major 
features  found  previously  by  ground-based  measurements,  and  add  a gre^  deal  of  detail  not 
available  otherwise,  particularly  in  the  Southern  Hemisphere. 

Since  total  ozone  is  dominated  by  its  concentration  at  levels  where  it  is  a conservative  tracer, 
total  ozone  distributions  are  dominated  by  circulation  processes.  This  is  shown  clearly  by  a 
comparison  between  TUMS  maps  and  conventional  meteorological  analyses  which  shows  a 
concidence  between  the  location  of  the  jet  stream  and  the  location  of  high  horizontal  gradients 
in  total  ozone  (Shapiro  et  al.,  1981).  A high  degree  of  correlation  is  found  between  total  ozone 
and  lower  stratospheric  temperatures  which  is  indicative  of  their  both  being  under  dynamic 
control.  This  is  especially  obvious  during  a stratosphere  warming  (Ghazi,  1974). 

Vertical  Distribution  of  Ozone 

Observations  by  OCO  4 (London  et  al.,  1977),  BUV  (Krueger  et  al.,  1973),  and  LRIR  (Gille,  1900) 
have  provided  a much  more  detailed  picture  of  the  vertical  and  latitudinal  distribution  of  ozone 
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than  misted  previously.  High  values  occur  somewhat  ^ve  10  mbw  in  the  tropics,  with  a tongue 
of  high  values  extending  toward  high  latitudes  near  5 mbar,  especidV  in  the  winter  hemisphere, 
where  they  can  reach  2 mbar  at  6(f*  Timse  eKtenskms,  which  ffiey*  depend  on  the  ten^rature 
dependence  of  the  chemistry  or  on  transport  processes,  were  an  unexpected  feature  first 
discovered  in  the  sateitite  observations. 

The  measuremeiHs  described  above  have  been  used  directly  to  test  the  theories  of  ozone 
photoch«nistry.  A variety  of  ozone  measurements  in  the  tropical  mesosphere,  including  LRiR, 
BUV,  occulation  measurements  by  OAO-8,  and  rockets  agree  with  the  theoretically  predicted 
mesospheric  ozone  concentration.  This  supports  the  conclusion  that  the  theory  is  not 
fundainentaliy  in  error  (Gilie  et  al.,  1960d). 

Ozone  Photochemistry  and  Transport 

Simultaneous  observation  of  temperature  and  ozone  has  allowed  the  study  of  the  relation 
between  the  temperature  and  ozone  perturbations  associated  with  planetary  waves  and  other 
dynamical  phenomena  in  the  stratosphere.  With  winds  inferred  from  the  temperature  field,  the 
transport  of  trace  constituents  by  resolved  phenomena  can  also  be  computed. 

Ozone  and  temperature  profiles  as  retrieved  from  BUV  and  SCR,  respectively  were  used  to 
calculate  the  vertical  structure  of  radiative  heating/cooling  in  the  tropical  stratosphere  during  the 
period  of  a stratospheric  warming.  The  results  show  that  there  is  a net  additional  radiative 
heating  in  the  upper  stratosphere  of  the  tropics  during  the  sudden  warming  (Ghazi,  1960b). 

Barnett  et  al.  (1975b)  found  a high  inverse  correlation  between  BUV  ozone  concentrations  and 
SCR  terr^ratures.  From  a comparison  between  their  observed  correlations  and  those  derived 
from  photochemical  theory  they  deduced  that  odd-hydrogen  chemistry  had  roughly  three  times 
the  effect  of  the  Chapman  chemistry  on  ozone  loss  in  the  vicinity  of  the  stratopause.  Ghazi  et 
al.  (1976)  found  a similar  effect. 

Dickinson  (1969)  has  shown  that  during  periods  of  weak  mean  winds  radiative  damping  will  tend 
to  strongly  dissipate  vertically  propagating  planetary  waves.  If  the  damping  rate  calculated  by 
Ghazi  et  al.  (1979)  for  the  Southern  Hemisphere  stratopause  region  in  October  of  the  order  of 
0.35  day~^  is  representative,  then  radiative  damping  may  play  an  important  role  in  the  wave- mean 
flow  interaction  process  which  generates  Irrte  winter  stratospheric  warmings. 

Gilie  et  al.  (1961)  have  presented  data  exhibiting  general  agreement  with  the  theoretical  picture 
given  by  Hartmann  and  Garcia  (1979).  Their  LRIR  data  showed  that  there  was  an  underlying 
region  in  which  motions  dominate  the  ozone  distribution,  and  an  overlaying  photochemical ly 
controlled  region  in  which  the  temperature  dependence  of  ozone  reaction  rates  significantly 
affects  the  ozone  distribution.  The  latitudinal  distribution  of  these  regions  shows  dynamic 
control  extending  up  to  only  30  km  at  low  latitudes,  but  at  least  up  to  60  km  in  high  winter 
latitudes  with  a chmically  controlled  region  above.  The  region  between  is  characterized  by  the 
largest  eddy  transports.  The  information  on  the  latitudinal  variations  of  these  regions  should 
provide  useful  tests  for  numerical  models  in  the  future. 

The  ability  to  measure  ozone  both  day  and  night  with  the  limb  IR  technique  allows  a study  of 
the  diurnal  variation  of  ozone.  Initial  results  have  been  presented  by  Anderson  et  al.  (1961). 
These  show  detectable  diurnal  variations  above  50  km,  with  magnitudes  which  support  present 
theoretical  expectations.  However,  there  appear  to  be  some  disagreement  between  these 
observations  and  theory  on  the  detailed  temporal  variation. 
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OBSERVATIONAL  STUDIES  OF  STRATOSPHERIC  DYNAMICS  AND  TRACE  CONSTITUENT 
TRANSPORT:  FUTURE  PROGRAMS 

Satellite  data  provide  a series  of  global  temperature  and  ozone  observations  which  can  be  used 
for  the  observational  study  of  the  dynamics  of  the  strtfospheie  and  mesosphere.  These  dtta  cm 
be  used  to  approximate  winds  and  trmsports  of  trace  constituents.  The  present  chscussion  is 
divided  into  the  following  two  parts: 

• The  philosophy  and  limitations  of  diagnostic  studies  using  satellite  data  md  some  recent 
results. 

• Some  of  the  important  remaining  questions. 

While,  as  has  been  indicated  earlier,  there  have  been  a number  of  advances  in  our  knowledge 
based  upon  satellite  observations,  the  periods  for  which  the  behavior  of  the  middle  atmosphere 
has  been  carefully  and  thoroi^hly  analyzed  have  been  short  and  sporadic.  A unique 
characteristic  of  satellite  instruments  is  their  potential  to  provide  relatively  homogeneous  spatial 
coverage  with  uniform  coverage  in  time.  This  type  of  monitoring  is  by  no  means  a routine 
function,  but  rather  is  an  essential  component  of  research  on  the  fundamental  probiems  of  the 
middle  atmosphere.  Blackmon  (1976),  Lau  and  Wallace  (1979)  and  others  have  indicated  that  we 
are  only  now  beginning  to  learn  from  our  troposphere  experience  the  importance  of  a long 
homogeneous  global  data  base  for  sorting  out  mechanisms  of  atmospheric  variability.  It  is 
difficult,  for  example,  to  answer  questions  using  data  sets  which  have  large  gaps  in  space  and 
time.  Length  of  record  and  homogeneity  are  also  obviously  vital  for  trend  analysis. 

Unfortunately,  uniformity  in  time  and  space  coverage  does  not  characterize  all  of  the  existing 
sateiiite  data  sets  for  temperature  and  ozone,  two  of  the  most  fundamental  variables,  and  the 
two  for  which  the  measurement  techniques  are  best  developed.  It  is  important,  therefore,  that 
every  effort  be  made  to  ensure  continuity  and  homogeneity  in  future  measurement  programs  for 
these  variables.  Furthermore,  as  techniques  for  measuring  other  parameters  which  are  central  to 
our  understanding  of  the  chemistry  and  dynamics  of  the  stratosphere  ate  proven,  these  should 
be  added  to  our  complement  of  rrwnitoring  tools  as  rapidly  as  resources  allow. 

OutstaiKling  Questions 

Let  us  consider  some  of  the  outstanding  issues  which  future  satellite  measurements  of  ozone 
and  dynamical  parameters  can  be  exfiected  to  address.  Much  of  the  interannual  variability  in  the 
middle  atmosphere  is  associated  with  stratospheric  warmings,  but  despite  the  available  data  and 
a promising  theoretical  context,  due  mainly  to  Matsuno  (1971),  they  are  not  yet  understood  A a 
sufficient  level  of  detail  to  explain  why  major  warmings  occur  in  some  years,  but  not  in  others. 
A detailed  understanding  of  their  mechanism  remains  to  be  developed.  Similarly,  there  exists  a 
detailed  theory  of  the  atmospheric  tides  and  some  comparisons  of  the  predictions  of  tidal  theory 
with  a scattering  of  rocket  data,  but  the  detailed  structure  of  the  tides  between  30  and  90  km  is 
still  unknown.  It  is  not  known,  for  example,  whether  the  topographic  components  of  the  tides, 
which  are  dominant  in  most  of  the  radiosonde  data,  continue  to  dominate  above  30  km.  To  date, 
satellites  have  not  contributed  significantly  to  the  solution  of  this  problem  but  could  do  so. 

The  mechanism  of  the  Quasi  Biennial  Oscillation  (QBO)  now  seems  to  be  fairly  well  understood. 
The  semiannual  oscillation,  however,  which  has  amplitude  maxima  near  the  stratopause  and  near 
the  mesopause,  is  still  not  understood,  although  Hirota  (1979)  has  shown  that  both  rocket  and 
satellite  data  give  indications  that  Kelvin  waves  of  vertical  wavelength  ^-IS  km  may  be 
responsible.  Hirota' s findings  remain  to  be  convincingly  demonotrated  with  a data  set  more 
well'suited  to  observing  waves  of  relatively  small  vertical  scale. 
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Concerning  ozone,  the  leading  question  is:  are  there  long-term  trends  at  wy  level  which  can  be 
plausibly  associated  with  photochemical  factors?  Although  there  have  been  attempts  to  answer 
this  question  for  total  ozone,  the  answers  are  still  controversial.  Since  anthropogenic  and 
natural  perturbations  produce  much  larger  effects  at  certain  levels  than  they  do  in  the  total 
ozone,  vertical  profiles  of  ozone  should  be  relatively  sensitive  to  such  perturbations  and  an 
attempt  has  been  made  to  isolate  both  natural  and  man-made  perturbations  in  BUV,  SBUV  and 
infrared  limb  data.  However,  this  question  can  be  answered  unambiguously  only  by  long-term 
monitoring  with  instrianents  of  adequate  stability  and  precision.  Although  this  question  of 
long-term  trends  in  ozone  concentration  remains  unclear,  there  is  clearly  significant  interannual 
variability  in  total  ozone  and  in  the  vertical  distribution  of  ozone.  There  is,  for  example  a 
component  associated  with  the  QBO,  which  in  the  tropics  has  been  su^sted  to  be  consistent 
with  Hadley  cell  modulation  (Tolson,  1961).  The  mechanism  for  the  quasi-biennial  ozone  variation 
remains  rather  obscure,  however,  especially  at  higher  latitudes. 

In  the  future,  coordinated  studies  using  bal loon-bo rrte  grab-sample  measurements  of  constituent 
profiles  together  with  three-dimensional  fields  of  wind,  temperature,  and  constituents  inferred 
from  satellite  measurements  will  provide  great  insight  into  the  behavior  of  these  constituents  and 
will  reduce  somewhat  the  uncertainty  introduced  into  the  interpretation  of  grab-sample  profiles 
by  the  large  variability  produced  by  motions. 

Another  set  of  questions  concerns  the  ozone  concentration  in  the  middle  and  upper  mesosphere. 
There  are  very  large  differences  between  measurements  by  different  experimenters  using  different 
techniques  in  this  region,  much  larger  than  can  be  accounted  for  by  existing  theory.  Measure- 
ments of  Hays  and  Roble  (1973)  show  a secondary  ozone  peak  above  75  km,  a feature  which  is 
consistent  with  some  photochemical  models,  but  it  is  not  yet  clear  whether  this  structure  is  a 
prevailing  feature  of  the  normal  mesosphere.  Better  information  on  the  vertical  ozone  concen- 
tration and  its  seasonal  and  latitudinal  variation  in  the  mesosphere  is  a prerequisite  for  improved 
dynamical  modeling  since  the  temperature  of  the  mesosphere  is  so  sensitive  to  ozone 
concentrations.  Photochemically,  there  is  some  evidence  of  diurnal  variation,  but  as  yet  a 
detailed  comparison  between  data  and  models  cannot  be  made. 

A promisi.ig  future  development  in  satellite  observation  of  the  stratosphere  is  the  anticipated 
direct  measurement  of  the  global  wind  field  on  the  UARS  satellites.  At  the  present  time, 
stratospheric  winds  are  derived  from  satellite  measurements  by  integrating  the  derived 
temperatures  upward  to  get  the  geopotential  height  field  using  the  hydrostatic  equation.  The 
wind  field  is  then  derived  by  applying  the  geostrophic  wind  relation  or  some  variant  thereof 
(e.g.,  the  gradient  wind).  Some  of  *he  difficulties  in  this  procedure  are  that  measurement 
inaccuracies  in  the  temperature  field  are  reflected  in  the  derived  wind  field  and,  more 
importantly,  this  procedure  cannot  be  used  near  the  Equator  due  to  the  breakdown  of  the 
geostrophic  relation.  It  is  expected  that  the  simultaneous  measurement  of  stratospheric  winds 
and  temperatures  on  UARS  will  lead  to  more  consistent  diagnostic  analyses  of  the  observations. 

MEASUREMENT  OF  SMALL-SCALE  STRATOSPHERIC  PROCESSES 

The  principal  emphasis  of  work  on  multidimensional  dynamics  and  trap -port  in  the  stratosphere 
has  been  on  studying  and  modeling  the  global  scale  circulation.  The  global  scale  dynamics  and 
composition  structure  of  the  stratosphere  is  known  to  depend  on  small-scale  phys'cal  ,;rocesses 
in  several  ways.  Thus,  in  order  to  understand  the  global  scale  structure  of  the  stra(os,>hri»e  In  a 
satisfactory  manner  we  must  have  a sufficient  knowledge  of  certem  small-scale  processes  to 
understand  their  effects  on  global  scale  stratospheric  structure.  Aaasurement  of  these  small- 
scale  processes  cannot  easily  be  done  with  satellite  instrumentation,  but  ground-based  and 
in  situ  measurement  programs  can  be  designed  which,  together  with  theoretical  modeling  efforts, 
can  bring  our  understanding  of  these  processes  to  the  point  where  a proper  treatment  of  their 
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effects  on  large-scale  stratospheric  processes  can  be  included  in  multidimensionai  models.  Two 
examples  of  this  interplay  between  small-scale  and  global-scale  stratospheric  processes  ate  the 
effects  of  gravity  waves  and  turbulence  in  deceierating  the  mean  zonal  flow  in  the  stratosphere 
and  mesosphere  and  the  role  of  small-scale  motions  in  troposphere-stratosphere  constituent 
exchange.  In  the  following,  we  will  give  some  scientific  background  on  these  topics  and  describe 
how  some  existing  observational  techniques  can  be  used  to  enhance  our  understanding  of  these 
areas  to  the  point  where  their  effects  on  the  large-scale  stratosphere  can  be  included  properly  in 
modeling. 

Momentum  Dissipation  by  Smeli-Scale  Motions 

Proper  modeling  of  the  large-scale  stratospheric  circulation  is  found  to  require  an  accurate 
representation  of  dissipation  terms  in  the  zonal  momentum  equation  (Leovy,  1%4).  Recent 
models  of  Schoeberl  and  Strobel  (1978a)  and  Holton  and  Wehrbein  (1900a)  have  confirmed 
Leovy*  s conclusion  and  have  tried  to  parameterize  this  effect  through  the  specification  of  a 
height-dependent  Rayleigh  drag  term  (a  linear  drag  term  that  gives  rise  to  a deceleration 
proportional  to  the  m^nitude  of  the  zonal  velocity).  The  source  of  this  physical  effect  is 
believed  to  be  the  vertical  transfer  of  momentum  by  gravity  waves  that  originate  at  the  Earth's 
surface  or  in  the  trope 'phere  where  the  zonal  wind  speeds  are  small  or  zero.  As  gravity  waves 
propagate  upward,  their  amplitudes  tend  to  grow  exponentially  due  to  the  upward  decrease  in  air 
density.  At  the  altitudes  where  these  gravity  waves  break,  they  will  exert  a drag  which  wilt 
decelerate  the  mean  flow.  Thus,  in  this  picture  the  momentum  dissipation  acting  on  the  large- 
scale  flow  is  dependent  on  small-scale  motions  that  cannot  be  modeled  practically  in  a global 
circulation  nradel  and,  hence,  must  be  parameterized.  The  CFDL  approach  in  general  circulation 
modeling  of  the  stratosphere  has  been  different.  Rather  than  utilizing  the  ‘required*  Rayleigh 
drag  in  their  model,  they  have  used  a Richardson  number  deprendent  diffusion  (Pels  et  al.,  1980) 
formulation  as  a momentum  dissipation  effect.  Thus,  the  planetary  scale  motions  in  their  model 
generates  wind  shears  that  produce  vertical  momentum  diffusion.  One  finds  by  this  approach, 
that  some  momentum  drag  is  required  in  addition  to  this  diffusion  to  bring  the  model  results 
into  agreement  with  observations.  The  wave  stresses  produced  by  gravity  waves  propagating  from 
the  troposphere  appear  to  be  necessary  to  account  for  the  decrease  in  the  mean  zonal  wind 
speeds  observed  above  about  65  km.  This  is  particularly  true  in  the  summer  hemisphere  where 
planetary  wave  activity  is  small. 

Lindzen  (1981)  has  shown  that  breaking  gravity  waves  produce  both  diffusion  and  mean  flow 
deceleration.  It  is  a very  important  problem  in  modeling  the  global  stratosphere  circulation  to 
understand  whether  the  small-scale  dynamics,  gravity  waves  and  turbulence,  influence  the 
large-scale  flow  in  the  manner  suggested  by  theory.  It  is  not  possible  to  address  this  problem 
observationally  by  satellite  measurements  since  small-scale  dynamics  are  not  resolved.  It  must  be 
addressed  by  a mixture  of  in  situ  measurements  (balloons  and  rockets)  and  remote  sensing 
measurements. 

The  newly  emerging  MST  radar  technique  looks  very  promising  for  this  purpose.  In  this 
technique,  a high  power  VHP  (30  to  MO  MHz)  or  UHP  (300  to  3000  MHz)  radar  is  used  to  measure 
the  Doppler  shift  in  signals  that  are  partially  reflected  from  clear  air  irregularities  in  the  radio 
refractive  index.  Since  these  irregularities  are  believed  to  be  due  to  turbulent  patcires  of  air  that 
move  with  the  neutral  wind,  this  Doppler  shift  gives  a measure  of  the  line-of-sight  wind 
vebcity.  By  using  multiple  radar  beam  directions  or  by  scanning  the  beam  direction,  the  three- 
dimensional  wind  veaor  can  be  inferred.  Since  wind  and  scattered  power  profiles  can  be 
measured  in  a preriod  of  minutes  with  this  technique,  MST  radars  can  measure  the  structure  of 
gravity  waves,  turbulence,  and  the  time-average  flow  simultaneously.  The  overall  objectives  in 
using  this  technique  include  the  following: 
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• To  delineate  the  global  morphology  of  gravity  waves  in  the  stratosphere  and  mesosphere, 
including  geographical  and  seasonal  variability* 

a To  do  observational  case  studies  of  gravity  wave  breaking  and  dissipation  and  compare  these 
with  modeling  studies  to  increase  our  understanding  of  gravity  wave  generation  of  turbulence 
and  gravity  wave  interaction  with  mean  winds. 

a To  obtain  a global  morphology'  of  turbuience  in  the  stratosphere  and  mesosphere. 

A principal  goal  of  these  studies  will  be  to  understand  the  sources  of  gravity  waves  and 
turbulence  in  the  stratosphere  and  mesosphere,  and  subsequently  to  develop  proper  methods  to 
parameterize  the  effects  of  nonresolved  small-scale  motions  for  inclusion  in  upper  atmosphere 
global  circulation  models. 

Tropotf^Mre-Stratosphare  Exchange  Procasaas 

The  exchange  of  constituents  between  the  troposphere  and  the  stratosphere  involves 
atmospheric  motions  on  various  scales,  from  the  planetary  scale  down  to  turbulent  scales.  The 
mesoscale  and  small-scale  motions  appeax  to  play  a very  important  role  in  these  processes*  For 
instance,  it  is  thought  that  almost  all  of  the  upward  transport  of  mass  from  the  troposphere  to 
the  stratosphere  takes  place  in  the  rising  branch  of  the  tropical  Hadley  cell.  The  arguments  for 
this  are  based  on  the  small  water  vapor  amounts  in  the  lower  stratosphere  and  have  been 
reviewed  recently  by  Robinson  (1900).  Furthermore,  it  has  been  suggested  that  these  upward 
transports  take  piace  only  within  the  rapid  upward  vertical  motions  of  cumulonimbus  towers, 
which  are  known  to  extend  into  the  stratosphere  occasionaily.  In  this  picture,  there  is  slow 
downward  motion  filling  the  area  between  the  cumulus  towers.  The  uncompensated  portion  of 
the  upward  motion  is  what  actually  constitutes  the  rising  branch  of  the  Hadley  cell.  This 
hypothesis  is  known  as  the  ‘hot  tower'  hypothesis  and  was  first  described  by  Riehl  and  Malkus 
(1%8).  It  should  be  noted  that  in  this  view  the  large-scale  dynamics  organize  the  cumulus  scale 
dynamics  and  the  net  effect  of  the  cumulus  dynamics  gives  the  rising  branch  of  the  Hadley 
circulation  which  gives  upward  mass  transport  in  the  tropics  from  the  troposphere  to  the 
stratosphere. 

There  is  also  known  to  be  an  exchange  of  stratospheric  air  with  tropospheric  air  at  middle  and 
high  latitudes  as  a result  of  'tropopause  folding'.  Evidence  for  this  exchange  was  first  shown  by 
Danielsen  (19S9).  These  exchanges  appear  to  be  mainly  stratospheric  air  entering  the  upper 
troposphere  through  thin  laminar  intrusions  in  the  vicinity  of  upper  level  fronts  associated  with 
the  tropospheric  jet  stream.  The  dimensions  of  these  laminae  are  typically  1 km  in  the  vertical, 
more  than  100  kilometers  in  the  horizontal  orthogonal  to  the  wind,  and  more  than  1,000 
kilometers  parallel  to  the  wind.  This  stratospheric  air  is  then  mixed  into  the  troposphere  by 
cumulus-scale  and  turbulent-scale  processes.  Thus,  the  mesoscale  tropopause  folds  are 
organized  about  the  globe  by  planetary'  scale  dynamics  and  are  mixed  by  the  smaller  scale 
cumulus-  and  turbulent-scale  motions.  The  extent  to  which  tropospheric  air  can  enter  the 
stratosphere  by  this  'tropopause  folding'  has  yet  to  be  determined  and  requires  further  study. 

While  satellite  instruments  may  be  capable  of  observing  the  results  of  such  exchanges  of  air 
between  the  troposphere  and  stratosphere,  their  spatial  resolution  is  not  sufficient  to 
quantitatively  study  these  ei^hange  processes  themselves.  Perhaps  the  optimal  platform  from 
which  to  conduct  measurements  on  troposphere-stratosphere  exchange  is  the  research  aircraft. 
These  aircraft  can  be  directed  into  the  areas  in  the  vicinity  of  cumulus  clouds  to  measure  the  air 
notions  and  the  various  tracers  that  characterize  tropospheric  and  stratospheric  air  such  as 
potential  vorticity  and  ozone  to  infer  the  mass  exchanges  taking  place.  They  can  also  be  directed 
to  fly  tracks  perpendicular  to  the  mean  flow  through  tropopause  folding  events  to  characterize 
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the  mass  exchange  proMSses  occurring  there.  With  properly  designed  aircraft  mperiments,  the 
^bal  scale  organization  of  the  mesoscale  tropopause  foidlrtg  processes  can  be  seen  tocher 
with  measurement  of  the  actual  fluxes  of  momentum,  energy  and  trace  constituents.  These 
computations  require  simultaneous  nteasuren^t  of  temperature;,  pressure,  aitd  trace  species.  At 
present,  there  exist  fast  responding  in  situ  sensors  for  measuring  the  thermodynamic  variables, 
water  vapor,  ozone,  aerosols  and  hydrtMneteors.  Many  other  sensors  arc  now  being  designed  for 
measuring  (Mher  significant  trace  species.  In  short,  only  measurements  from  aircraft  appear  to 
provide  the  horizontal,  vertical,  and  ten^oral  resolution  of  meteorological  variables  and  trace 
constituent  concentrations  necessary  to  resolve  the  small-scale  and  mesoscale  phenomena  of 
troposphere-stratosphere  exchange.  Moreover,  aircraft  have  the  flexibility  to  be  directed  into 
areas  where  significant  processes  are  occurring  along  optimal  trajectories. 

Such  aircraft  investigations  of  troposphere-stratosphere  exchanges  have  been,  and  continue  to 
be,  carried  out.  In  the  first  Intertropical  Conver^nce  Zone  (ITCZ)  experiment,  which  was  carried 
out  in  Panama  in  1977  (Poppoff  et  al.,  1979)  under  the  coordination  of  the  NASA/ Ames  Research 
Center,  the  goal  was  to  determine  the  presence,  or  lack,  of  significant  small-scale  variability  in 
this  region.  Aircraft  were  used  to  measure  the  horizontal  variability,  and  balloons  were  used  to 
measure  the  vertical  variability.  The  results  of  this  experiment  showed  the  importance  of  this 
small-scale  variability  in  this  region  of  the  atmosphere.  In  the  second  ITCZ  experiment,  which 
was  carried  out  in  Panarrra  in  1960  also  under  the  coordination  of  the  NASA/ Ames  Research 
Center,  the  goal  was  to  measure  the  environment  of  cumulonimbus  clouds  before  and  after  their 
penetration  into  the  stratosphere  to  help  define  their  role  in  the  water  vapor  budget  of  the 
stratosphere.  These  data  are  still  being  examined. 

NUMERICAL  MODELING 

INTRODUCTION 

The  stratosphere  is  a very  complex  physical  system  which  is  governed  by  the  interactions  of 
various  radiative,  dynamical  and  chemical  processes  many  of  which  are  highly  nonlinear.  The  only 
viable  technique  for  fully  dtweloping  and  testing  our  theoretical  understanding  of  this  interactive 
system  is  numerical  modeling. 

Many  types  of  numerical  models  can  play  important  roles  in  stratospheric  research.  The 
one-dimensional  photochemical  models,  discussed  elsewhere  in  this  report,  provide  a method  to 
test  photochemical  theory  without  introducing  the  complexities  provided  by  atmospheric 
transport  and  spatial/temporal  variability.  However,  observations  generally  show  thig  trace 
species  distributions  have  significant  spatial  and  temporal  variability.  In  particular,  strong 
latitudinal  gradients  appear  to  be  a common  feature  of  trace  constituent  climatology,  while 
longitudinal  gradients  are  usually,  but  not  always,  less  dramatic.  For  this  reason,  two- 
dimensional  (height- latitude)  models  are  attractive  for  study  of  the  photochemical  probUms  of 
the  stratosphere.  The  second  part  of  this  section  reviews  the  status  of  two-dimensional  models 
and  discusses  the  prospects  for  their  further  development. 

A crucial  step  in  the  development  of  a two-dimensional  rnodel  is  the  parameterization  of  the  net 
transport  (horizontal  and  vertical)  by  zonally  asymmetric  ‘eddy*  motions.  Such  eddies  range  in 
scale  from  global  scale  (so-called  planetary  waves)  to  microscale  turbulent  eddies. 

Eddies  control  trace  species  distributions  through  both  advective  and  diffusive  transport 
processes.  Rarameterizations  of  eddy  effects  in  two-dimensional  models  have  often  in  the  past 
been  based  primarily  on  diffusion  models  empirically  'tuned*  by  fitting  observed  tracer 
distributions.  Further  improvement  in  eddy  parameterizations,  however,  seems  to  demand  a good 
theoretical  understanding  of  the  three-dimensional  structure  of  the  stratosphere.  Thus,  even  if 
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two-dimensional  models  become  the  primary  tool  for  prognostic  stutMes  of  ozone  perturbations, 
a wide  vari^  of  three-dimensional  models  will  still  be  necessary  to  validate  the 
two-dimensional  models.  More  importantly,  only  in  three-dimensional  models  can  we  Include 
many  of  the  dynamical  and  physical  processes  required  for  understanding  the  stratosphere  as  a 
coupled  radiative/dynamical/chemical  system. 

The  third  part  of  this  section  reviews  the  current  status  of  three-dimensional  model 
development  while  the  fourth  part  summarizes  many  of  the  radiative-chemical-dynamical 
interaction  processes  which  make  three-dimensional  modeling  essential.  Finally,  the  section 
concludes  with  a discussion  of  the  importance  of  coupling  models  with  observations  both  in  the 
sense  of  using  observations  to  validate  models  and  using  models  to  guide  observational 
strategies. 

TWO-DIMENSIONAL  MODELS 
Approach 

The  study  of  the  processes  that  determine  the  distribution  of  cisemical  species  in  the 
stratosphere  is  clearly  a three-dimensional  (four-dknensional,  including  time)  problem.  However, 
the  complexity  of  stratospheric  chemistry  and  the  interactions  among  chemistry,  radiation,  and 
dynamics  make  general  circulation  studies  of,  for  example^  possible  ozone  perturbations  a very 
expensive  computation.  To  date,  the  role  of  General  Circulation  Models  (CCMs)  has  been  to 
study  dynamical  and  transport  processes,  and  only  very  simplified  chemical  schemes  have  been 
included.  On  the  other  hand,  ^;ne-dimensional  models  can  include  very  detailed  chemistry  but,  by 
their  nature,  are  incapaole  of  including  important  meteorological  processes. 

Two-dimensional  models,  in  which  zonal  averages  are  considered,  are  meant  to  bridge  this  gap. 
The  motivation  for  two-dimensional  models  lies  n the  fact  that,  on  a rotating  planet  with  a 
homogeneous  underlying  surface,  the  value  of  meteorological  quantities  averaged  over  many  days 
is  expected  to  show  no  variation  with  longitude.  In  practice,  latitudinal  gradients  in  the  Earth's 
atmosphere  are  generally  larger  than  those  in  the  longitudinal  direction. 

Two-dimensional  models  can  include  more  detailed  chemistry  as  well  as  some  treatment  of 
vertical  and  horizontal  transport  by  mean  and  eddy  motions  with  modest  computational 
requirements  compared  to  those  of  three-dimensional  models.  Inevitably,  some  compromise  is 
involved.  For  example,  the  diurnal  variation  of  species  Is  usually  treated  in  less  detail  than  in 
one-dimensional  models.  Similarly,  eddy  transports,  which  are  calculated  consistently  in  the 
CCMs,  must  be  sp>ecified  in  some  manner. 

For  any  tracer  with  mixing  ratio,  X,  the  zonally  averaged  continuity  equation  may  be  written 
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whwe  (”)  represents  an  average  around  a longitude  circle  and  ( )*  the  departure  therefrom,  and  v 
and  u)  represent  vebcities  in  the  northward,  y,  and  vertical,  p,  directions  respectively.  4 is 
latitude,  and  S represents  all  sources  and  sinks  of  X. 
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TIm  transport  terms  on  the  left  hand  side  of  Equatkm  (1)  involve  zonal  means  only.  This  Is  the 
transport  by  the  mean  circulation*  On  the  right  hand  side  are  found  products  of  d^artures  from 
the  zonal  mean.  These  are  the  horizontal  and  vertical  eddy  terms,  representing,  in  the  strato- 
sphere, transport  mainly  by  the  large-scale  waves.  Different  types  of  two-dimensiond  models 
may  be  distinguished  by  the  way  in  which  the  mean  and  eddy  terms  are  treated. 

The  Afc'on  Circulation 

The  majority  of  two-dimensional  chemistry  models  have  employed  a sp«jcified  meridional 
circulation*  Generally,  such  a circulation  might  be  based  on  the  calculations  of  Louis  (1974), 
Gudiksen  et  al.  (1968),  or  Murgatroyd  and  Singleton  (1%1)  although  there  now  exist  the  newer 
model  calculatk>ns  of  Schoeberl  and  Strobel  (19^)  and  Holton  and  Wehrb^in  (1960b). 
Alternatively,  the  mean  circulation  can  be  calculated  self-consistently  within  the  model.  In  this 
approach  (Rac-Vupputiifi,  1973;  Harwood  and  Pyle  1975,  1977),  the  zonal  mean  dynamic  and 
thermodynamics  equations  are  solved  for  the  three  velocity  components  and  the  temperature 
field.  This  requires  a treatment  of  radiative  heating  (and  latent  heat  release  in  the  troposphere) 
in  addition  to  treatments  of  eddy  heat  and  momentum  transport.  This  increased  complexity  leads 
to  a number  of  advantages  over  those  n^odeis  with  specified  mean  circulations*  Firstly, 
perturbation  experiments  which  myht  produce  large  departures  from  the  initial  meteorological 
state  must  be  open  to  question  in  models  with  a specified  circulation.  Allowing  the  mean 
circulation  to  evolve  increases,  to  some  extent,  the  confidence  that  may  be  placed  in  such 
calculations.  Of  course,  even  in  these  models,  because  of  other  parameterizations,  the  reliability 
of  perturbation  experiments  cannot  be  assessed  with  great  confidence.  Secondly,  a variety  of 
feedback  processes  can  be  included  when  the  mean  circulation  is  calculated.  For  example,  the 
impact  of  a change  in  upper  stratospheric  ozone  on  the  radiative  heating  and  hence  on  the 
temperature  and  wind  structure  (and,  therefore,  ozone  transport)  can  be  considered.  Thirdly, 
perturbations  affecting  radiative  processes  can  be  considered  quite  simply  in  these  models.  For 
example,  Maigh  and  Pyle  (1979)  have  studied  the  impact  of  increasing  levels  of  CO2  on  the 
stratosphere.  H*:»‘^irig  by  aerosols  could  also  be  considered.  It  should  be  stressed  that  these 
models  with  calculated  mean  circulations  depend  critically  on  the  treatment  of  the  eddy  heat  and 
momentimi  fluxes  which  will  either  be  modeled  or  specified  from  observations. 

I:ddy  Transport 

The  treatment  of  eddy  transport  has  generally  followed  the  approach  of  Reed  and  German  (1965), 
in  which  the  horizontal  and  vertical  fluxes  are  related  to  the  mean  gradients  of  the  transported, 
quasi-conservative  tracer  by  a tensor  of  transport  coefficients.  Thus 
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There  have  been  several  determinations  of  K values  in  the  literature.  The  first  such 
determinations  of  the  K's  was  by  Reed  and  German  (1%5).  They  assumed  small  linear 
displacements  and  thus  could  use  mixing-length  theory  to  derive  the  K's  from  atmospheric  data. 
Later  suggested  K values  were  by  Luther  (1973)  and  Gudiksen  et  al.  ^968).  Recently,  Danielsen 
(1981}  has  suKested  a rather  general  formalism  for  deriving  K values  from  atmospheric  data. 
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The  idea  of  the  K approach  is  that  these  K's  can  then  be  used  to  compute  the  eddy  fluxes,  of 
any  t^asi-conservMi^  traMr*  In  practice  some  modelers  choose  to  ruga^  the  K's  as  adjuttabkr 
parameters  whk:h  can  be  dtered  to  prodi^e  a good  fit  for  a particular  tracer;  however,  this  one 
set  of  K's  is  then  used  for  all  species* 

Some  of  the  assumptions  behind  the  K-theory  approach  are  weak  (or  invalid,  see  below)  and, 
however  well  the  present  day  atmosphere  is  reproduced,  this  must  reduce  the  cmdibllity  of 
perturbation  experiments  (just  as  it  does  for  one-dimmsional  models). 

Another  limitation  of  K-theory  for  perturbsttion  experiments  arises  from  holding  the  K coef- 
ficients constant.  It  is  well  known  that  the  propagation  of  waves  in  the  atmosphere  depends 
critically  on  the  zonal  mean  state  (see  c.g.,  Schoebert  and  Celler,  1976)*  PerturbMions  to  the 
ozone  layer  will  affect  the  zonal  mean  temperature  and  wind  structure*  (It  is  interesting  to  note, 
however,  that  the  calculations  of  Schoeberi  and  Strobd  (1976)  indicate  thM  the  effects  of 
changes  in  column  ozone  on  the  mean  zonal  structure  of  the  stratosphere  are  less  than  what 
might  be  first  imagined.)  Thus,  wave  prop^atkm  also  will  be  affected  and  hence  the  K's  should 
change*  This  potentially  important  feedback  cannot  be  included  in  two-dimensional  models  with 
param^erized  eddy  transport* 

Despite  its  empiricism,  the  K-theory  treatment  is  capable  of  reproducing  some  of  the  expected 
characteristics  of  transport  by  waves*  Thus,  the  near-cancellation  of  the  mean  and  eddy  trans- 
ports in  the  winter  hemisphere  is  found  for  both  ozone  and  temperature  by  Rao-Vupputuri 
(1973)  and  Harwood  and  Pyle  (1975,  1977).  This  cancellation  is  expected  on  theoretical  grounds, 
is  seen  in  the  CCM  results,  and,  most  importantly,  is  seen  in  the  observations. 

It  should  be  mentioned  that  eddy  terms  also  arise  in  photochemical  source  and  sink  terms. 
These  are  due  to  the  zonal  mean  of  products  of  perturbation  mixing  ratios  (e.g.,  k A'B'  where  k 
is  a rate  constant).  Tuck  (1979)  has  discussed  their  importance.  For  example,  the  percental^ 
difference  between  the  true  zonal  mean  rate  k 0('0)  H2O  and  k 0('D)  M2O  can  be  typically 
between  0 and  30%  (Allam  et  al.,  1961). 

Existing  TwoOimentional  Models  of  the  Stretosplwre 

A summary  of  the  structure  of  existing  two-dimensional  models  of  the  stratosphere  and  tropo- 
sphere is  given  in  Table  2-14  which  describes  the  differences  in  those  components  of  existing 
models  important  to  representing  atmospheric  processes.  This  summary  is  update  of  a 
previous  comparison  (Wuebbies,  1960)  based  on  papers  presented  at  the  WMO  Workshop  on 
Two-Dimensional  Models  held  in  Toronto,  Canada  during  Feburary  1900.  Along  with  ig>dating  the 
model  descriptions  for  changes  since  that  meeting,  several  additional  recently  devebped  models 
have  also  been  included. 

Summary  of  Important  Ranilts  from  Two-Dimansion  Modals  with  Coupling 
Between  Dynamics  and  Chemistry 

The  results  of  perturbation  experiments  using  two-dimensional  nwdels  are  described  elsewhere 
and  will  not  be  repeated  here.  However,  some  salient  features  of  two-dimensional  model 
behavior  will  be  discussed  in  the  following  paragraphs. 

Two-dimensional  models  are  capable  of  reproducing  the  gross  features  of  the  observed  l^itude- 
time  variation  of  total  column  ozone  with  equatorial  minima  and  spring,  high  latitude  maxima. 
Harwood  and  Pyle  (1977),  by  the  use  of  observed  asymmetric  values  for  u'v'  in  the  momentum 
equation,  reproduced  the  observed  asymmetry  in  total  ozone  with  the  maximum  at  the  (X}le  in  the 
Northern  Hemisphere  and  at-6(rS  in  the  Southern  Hemisphere.  Published  budgets  of  ozone  from 
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Du  Punt  Company 

Oxford  University 

NASA-AMFS 

MPIC’/Univeriity  of  Miami 

PbysiciJ  domain 

0-55  kin 
90*N-90'S 

0-95  km 
90’N-90°S 

0-60  km  (mod.  1 ) 
0-90  km  (mod.  2) 
80“N-80*S 

980  0.4 15  mbar  ( 55  km) 
90*N-90°S 

Spatial  variable> 

Pressure;  sine 
of  latitude  (6) 

Pressure 

latitude 

Altitude 

latitude 

Preuure 

latitude 

Grid  resolution 

Ain  (pi„'p)=0  43 
(-S  km) 

A(sine)  = 0.2 

Ain  (Po/p)=0-5 
(-3.5  km) 
A0=7r/19 

Az  = 2.'i  km 
*0=5’ 

Ain  p corresponds  to 
about  .5  kni 
A9=  10° 

Chemical  scheme 

30  species  (+3  inactive) 

17  species  (T9  in 
diurnal  model) 
(H2O.CH4.H2.N2O. 
CO.  inactive; 
however,  these  were 
calculated  in  recent 
studies) 

35  species 

35  species 

Atmofpheric  structure 

T s;ime  as  NASA-AMES. 
II2O  rel.  humidity 
fixed  below  lOOmbai. 
Mi.\ing  ratio  at  100 
mbar  varies  from  3 ppmv 
at  equator  to  4 ppmv 
at  high  latitudes. 

Radiative  cooling  “ 
).5*C/day  in  tropo- 
sphere, while  in  up- 
per troposphere  (K-12 
km)  the  radiative  cool- 
ing * 0 75°klday;de- 
tailed  radiation  calcu- 
lation in  stratosphere, 
non-local  thermo- 
dynamic equilibrium 
effects  are  included. 

T < 20  km  from  Oort  and 
Katmiisser.  (1971 ) 

T >20  kin  from  Nastrom 
and  B>:lmont  (1975). 
p determined  using 
hydro  italic  relation 

T based  on  Oort  and 
Rasmussen  (1971)  and 
Louis  (1974). 
(de'ermine  saturation 
temperature,  T*.  by 
relating  humidity  to 
saturation  humidity) 

Photolysis  treatment 

Includes  multiple 
scattering. 

Albedo  = 0.2s  at  all 
latitudes  and  seasons 
absorption  by  O2  and  Oj 

Average  photodissocia- 
tion rates  conputed 
every  1 0 days  by 
Gaussian  integration  over 
a number  of  zenith  angles. 

Calculote  diurnal 
averaged  photolysis 
rates. 

Average  (daytime)  photolysis 
rates  computed  every  1 S days 
Multiple  scattering  approxi- 
mated at  wavelengths  larger 
than  300  nm. 
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Transport  treaiment 


Solution  methods 


Time-dependent 

integrauon 


Table  2-14.  A Summary  of  Two-Dimensional  Transport -Kinetics  Models  (continued) 


Du  Pont  Company 


Prescnbed. 

V,  w based  on 
Mur^troyd  and 
Singleton  (1961  i 
multiplied  by  0.4. 

K's  based  on  Luther 
(1978),  but  modified. 


family  approach  for  odd 
oxygen  (O.  O3). 

Other  species  solved 
directly. 

Photochemical  equilib- 
rium for  H,  S. 

Iterative  solution  at 
each  time  step  using 
\ewton-Raphson. 


it  = 3 days 


Oxford  University 


V,  w.  T calculated  (or 
can  be  prescribed). 
k's  prescribed  based 
on  lather  (1973)  (usually 
unmodified),  u'  v' 
based  on  observations 
from  Oxford  radiom- 
eters. Some  calcu- 
lations use  diabatical- 
ly  dnven  arculation 
plus  calculated  ed- 
dies (chemtitry  de- 
pendent). 


family  approach 

(Ox.NOx.MOxnOx) 

Long  lived  species 
solved  directly. 

DiumrJ  averaged  model 
uses  sdains-Bashford 
method. 

Dt’jrnal  model  uses 
divided-difference 
formulation  of  Oar's 
method. 


At  = 4 houn 
(S  mmute  for  diurnal) 
At  = I hour  for 
diabatic  calculation. 


NASA-AMf.S 


Prescribed. 

V <"20  km  based  on 
Oort  and  Rasmussen 
( 1 97 1 );  are  extrapolated 
above  so  that  no  net 
mass  flux  at  upper  bndry. 
w derived  using  mass 
continuity  eqn. 

K's  derived  to  fit  O3  and 
tracers. 


MPIC*/University  of  Miami 


Prescribed. 

v,  w bated  on  Louis  (1974) 
K s based  on  "trial  and 
error"  to  fit  O3  and 
H2C. 


Fainily  approach 

(Ox.  HOx.  NOx). 

Time  split  the  chemistry 
and  transport  terms. 

I The  vertical  and  hori- 
zontal advection  and 
diffusive  terms  are  also 
time  split. 

CTiemical  and  horizontal 
terms  are  solved 
impUdtly,  others 
solved  explicity. 


At  = 1 day 


Family  approach 

(Ox.  HOx  NOx.nOx) 


At  = 2 hours 
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Du  Pom  Company 

Oxford  University 

NASA- AM  US 

MPIC*  University  of  Miami 

Ev^ndary  c'jnditions 

Upper  brjundary 
* = 0,  all  species 
Lo«er  boundary 
Lautude  dependent 
muung  raUo  or  flux 
present  j (e^. 

*•  » 5 X 10^ 

ctr.-2s-l  foj  N02I 

Upper  boundary 
s • 0 cr  photo- 
chemical equili- 
bnum. 

Diwer  boundary 
mixing  ratio  or 
flux  presenbed 

Zero  flux  at  lateral 
brjundary. 

Upper  boundary  mixing 
erpjilibnum  fie. « ° 0) 
or  flux  condition 
Lower  boundary,  flux  or 
prescribed  concentrations. 

Upper  boundary. 

• • 0 for  most  species. 

Lower  boundary: 
mixing  raUo 

for  N2O,  Hj 

CHja,  COS.HQ.  H2O  1 

• for  HNO3  NOx.  CHd  ^ 

a,CF.a2C»=2.ca4. 

ca3,  SO2. 

Hexet'fffeneuui  removal 

T = 5 Jays  below  280  mbai 
(or  IKT.  HSOy,  M>2. 
CH2O  1KX1.  H2O2. 

IfNOa 

T=  20  days  for 
HN03  1K1.H202 
Constant  throughout 
trrjpotphere 

t » 10  days  for  arater 
soluble  ipecies 

H2O  dependent  on 
condensauon  and 
preapiiation  of  cloud 
fomution  based  on  T. 
Removal  of  NO.  H2O2 
CH3O2H,  N2O.  HNO3  based 
on  water  vapor  profile. 

Surface  depoution 

w|)  = 0.22  cm  S'* 
for  O3 

Not  included 

Included 

Vanes  over  land  and  water. 

wufland)  wD(srater) 
HNO3  0Jcmrl  I 
O3  ■'  0j05 

NOx  " 0^ 

UiumaJ  effects 

Diurnal  iveraging  by 
2-iank  approx,  (ave. 
daytime  and  nighttime). 
fC  .Miller  et  al..  1979) 

Diurnal  average. 

Ignores  nighttime 
chemistry. 

Kate  of  change  weighted 
by  fraction  of  sunlight 
per  day. 

Diurnal  model  also  avail- 
able. 

Diurnal  averaging  used 
based  on  Turco  and 
Vllutten  fl978). 

Riotolyiis  applied  to 
sunlit  houra;  photo- 
chemistry "frozen"  at 
nighttime  except  for 
NO3.N2O5.CK). 
aON02. 
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Tabic  2-14.  A Summary  of  Two-Dimensional  Transport-Kinetics  Models  (continued) 


Du  Pont  Company 

Oxford  University 

NASA  AMES 

MPIC* /University  of  Miami 

Seasonal  irarutions 

T,  trarup<jft 

coef.  corutani  <Aer  1 /8 

year  intervals 

Are  calculated 

Are  calculated 

Are  calculated 

References' 

C Miller  et  ai  d 980a) 
C.  Miller  etal  (1981) 
C.  Miller  (perscjnal 
communicauon, 

1981) 

Pyle  (1980) 

Pyle  A.  Roftera  (1980) 
Pyle  (personal 
c<jnunuiucation, 
1981) 

Whitten  etal.  (1977) 
Whitten  et  al.  (1981 
Boruckiet  al.  (1980) 

Crutzen  A Ctdel  (1980) 

P.  Crutzen  (personal 
communication,  1981) 

1 

MPK  - Max  Planck 
Insutut  Fur  Oiemie 
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Table  2-14.  A Summary  of  Two-Dimensional  Transport -Kinetics  Models  (continued) 


Canada  AbS 

Aerospace  Corp. 

UJC.  Met.  Office 

Belgium  Aeronomy  but. 

Physical  domain 

1-55  km 
90‘N-90*S 

0-50  km 
90*N-90*S 

048  km 
90*N-90*S 

0-50  km 
90*N-90°S 

Spatial  vanabics 

Z = In  p/po 
latitude 

Geometric  altitude 
latitude 

Pressure 

latitude 

Geometric  altitude 
latitude 

Gnd  resolution 

fiZ  = 0.4236  (~3  km) 
A6=  10* 

i z = 2 km  for 
z = 0-12  km.Az  = 1 km 
for  z = 12-35  km.Az  = 
2.5  km  for  z = 35-50  km. 
A6=  10° 

Alog  p = OJ 
(-2  km) 

A 9=^  30° 

(75*N,45*N,  15X.  15*S 
45*S,75*S) 

Az  = 1 km 
69  = 5° 

Chemical  scheme 

1 8 species 

H2O,  H2,  CH4  speci- 
fied. 

31  species 

25  species 
Parameterized  CH4 
cycle  (i.e.,  CHj  -• 
3H02) 

H20speafied  in  trop. 

19  species 

(CO,  H2.  H2O  constant) 

Atrmnphenc  structure 

Not  available 

T,  based  on  Louis 
(1974). 

Solar  Hux  based  on 
Ackerman  et  al.  (1971) 
and  Simon  (1975). 

Temperature  based  on 
U.S.  Standard  Atmosphere 
(1962)  interpolated 
sinusoidally  between 
summer  and  winter.  Solar 
flux  based  on  Ac'-:rman 
etal.(1971),  Simon  (1974). 
broadford  (1972),  and 
Thekaekara  (1972). 

Temperature  based  on  U3. 
Standard  Atmosphere  (1962) 
interpolated  between 
summer  and  winter.  Solar 
flux  based  on  Simon  (1974). 

Photolysis  treatment 

Radiative  heating  and 
photolysis  rates  com- 
puted at  each  time  step. 

Daylight  averages 
Photolysis  rates  calcu- 
lated every  3rd  time 
step, multiple  scatter- 
ing included  (based  on 
Luther  et  al.  (1978). 

Photolysis  rates  calcu- 
lated every  half  hour; 
are  interpolated  in 
between  (linearly  in 
cos  X);  multiple  scat- 
tering not  included. 

Use  diurnal  averaged 
solar  flux. 
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Tabic  2-14.  A Summary  of  Two-Dimensional  Transport -Kinetics  Models  (continued) 


Canada  ALS 

Aerospace  Corp. 

UJC  Met.  Office 

Belgium  Aeronomy  iiut. 

Transport  treatment 

V,  w,  T calculated. 

— 

Prescribed. 

Prescribed 

3 approaches; 

V,  w based  on  Diuis 

V,  w based  on  Newell 

(1 ) constant  K's  only 

K*s  prescribed  based  on 

(1974). 

et  al.  (1972)  extended 

(steady  sute  version). 

Reed  and  German  (1965) 

K's  based  on  modified 

upward  using  COMESA 

(2)  prescribed  (time 

(Luther,  1973  used  in 

Luther  (1973). 

3-D  model. 

dependent  version). 

recent  sensitivity 

K's  based  on  Luther 

V,  w based  on  Cunnold  et 

tests). 

(1973)  for  Jan.  & July 

al.(1975) 

Vertical  K constant 

interpolated  sinusoid- 

K's  based  on  modified 

with  altitude  in  most 

ally  over  a year;  have 

Gudiksen  et  al.,  (1968) 

calculations 

been  adjusted 

and  Luther  (1973)  to  fit 

Oostrophic  approxima- 

O3. 

tion  in  u-momentum  eqn. 

(3)  V,  w,  T calculated  (in 

progreu). 

Solution  methods 

family  approach 

E:ach  species  deter- 

Family  approach 

Family  approach 

(Ox.  NOx,  HOx. 

mined  directly. 

(Ox.NOx.aOx, 

(Ox,  NOx,aOx). 

ClOx). 

HOx). 

L'se  Adams- Bash  ford 

Use  time-impUcit 

Time  splitting,  with 

Alternating  direction 

method  for  continuity 

finite  difference  scheme 

transport  terms  calcu- 

method. 

cqn 

with  leap-frog  and 

lated  every  two  hours 

Dufort-Frankel  finite 

and  cherrustry  at  every 

difference  schemes  for 

time  step. 

advective  and  diffusive 

Use  Euler  backward  scheme 

terms. 

with  Richardson  extrapo- 

Implicit  solution  method 

lation. 

for  species  whose 

When  only  calculating 

chemical  lifetime  leu 

hemisphere,  then  values  at 

than  2 days;  explicit 

1 S*S  assumed  equal  to 

method  for  others. 

those  6 months  earlier 

at  1S*N. 

Time -dependent 


A t = 6 htxirs 


fit  = few  days 


I 3 rnins  daytune 
At  = 10  mini  nightime 
I I min  transition 


a few  days 


Table  2-14.  A Summary  of  Two-Dimensional  Transport-Kinetics  Models  (continued) 


Canada  AhS 

Aerospace  Corp. 

UJC  Met.  Office 

Belgium  Aeronomy  Inst. 

B<Hindary  cunditiotu 

Not  available 

Upper  boundary. 
Photochemical  equili- 
brium or  extrapolation 
of  mixing  ratios. 

Lower  boundary 
concentration  or  flux 
defined. 

Upper  boundary' 

Not  available 

Lower  boundary,  defined 

concentratiom  or  flux 

♦ = 0 at  poles. 

Mixing  ratios  specified 
at  lower  and  upper 
boundary. 

Heterogeneous  removal 

Not  available 

First  order  rate  law  for 
rainout  of  H2O, 

HNO3.  NO2,  NO,  HO2, 
H2O2.N2O5.NO3 
and  G(>x  (based  on 
Junge,  1%3). 

NO  and  NO2  removed  at 
1/10  rate  of  other 
speaes. 

Pint  order  rate  law 
for  rainout  is  function 
of  altitude  and  latitude 
for  HNO3,  HQ,  H2O2 
('10  days  in  lower 
troposphere). 

First  order  rate  law 
for  rainout  of  l-IG 
and  HNO3. 

Surface  deposition 

Not  available 

.Not  available 

Not  available 

Not  included. 

Utumal  effects 

Utumal  averaging 
included  by  using 
average  daytime  zenith 
angle. 

Diurnal  averaging  used; 
similar  to  Turco  and 
Whitten  (1978) 

Normally  include  diurnal 
variations;  diurnal 
averaging  done  in  some 
calculations  by  averaging 
daytime  photolysis  rates. 

24  hour  average 
of  solar  flux. 

Seasonal  vanations 

Are  calculated. 

K's  changed  each  season. 
Sun  position  changed 
each  day. 

Are  calculated 

Are  calculated 

Are  calculated 

References 

Vupputuri  (1980a) 
Vupputuri  fl980b| 

Widhopf(1980) 

Gough  (1980) 

Brasseur  (1980) 

Brasseur  A Benin  (1978) 
Brasseur  (personal 
communication,  1981) 
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Table  2-14.  A Summary  of  Two- Dimensional 


Physical  domain 


University  of  Oslo 


0 -18  km 

(O-SO  km  in  stratospheric  model) 
85*N-85”S 


Spatial  variables 


Altitude 

latitude 


Grid  resolution 


Az=  .5kmz<3km 
I km  z >3  km 
A e = «0° 

(Az  = 2 km  in  strat.  model) 


Chemical  scheme 


O^.  HO^,  NO^  hydro- 
carbons and  sulfur  com- 


pounds. reactions  and  rates 
based  on  NASA  RP  1049. 


Atmospheric  structure 

T,p  based  on  Louis  (1974) 
Relative  humidity  calculated 
in  troposphere. 

'^ololysis  treatment 

Includes 

multiple  scattering. 

Diurnal  average 

photo  dissociation  rates 

calculated  every  month. 

-Kinetics  Models  (continued) 


AERE  HarweU 


0 -1 S km 
90N-90*S 


Geometric  altitude 
sine  of  latitude  (e) 


Az  = 2.5  km 
A (sine)=  1/18 


14  species 


p,  T from  U.S.  Studard 
Atmos.  (1976);  H2O  from 
NeweU  etal.,(1972) 


Calculated  diurnal  average 
photolysis  rates.  Luther  and 
Gelinas(1976)  treatment  for 
multiple  scattering. 
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T.ble  214.  A Summary  of  Two-Dimensional  Tianspoil-Kinelics  Models  (conlinued; 


Table  2-l« 

A nummary  oi  i - 

University  of  Oslo 

AbRE  Harwell 

Transport  treatment 

Prescribed 

V,  w based  on  Newell  et  al.  (1972) 
K's  based  on  Hidalgo  and  Crutzen 
(1977)  with  boundary  layer 
partially  dependent  on 
average  thermal 
stratiPication; 

Louis  V,  w,  K's  in  stratosphere. 

Prescribed 

v,  w based  on  Newell 
etal.(1972) 

Kyy,  Kzz  based  on  Louis  (1974) 

Solution  methods 

Alternate  treatment' 

V,  w calculated  from 
diabatic  heating  rates 
given  by  Newell  et  al.  (1972) 

All  species  solved  implicity 
with  Gear's  method  except 

(X'd).  CH3.H 

— 

Time-independent 

integration 

l-amily  approach. 
Semi-implicit  approach 
solution  method. 

Chosen  automatically  by 
numerical  method  but 
< 1 X 10^  sec. 

At  = 0.5  hours 
(At  = 3.75  days  in 
strat.  model). 

Boundary  conditions 

Zero  horizontal  transport 
at  lateral  boundaries. 
Vertical  advection  zero 
through  upper  and  lower 
boundaries. 

Upper  boundary  vertical 
flux  specified. 

Lower  boundary  flur. 
specified. 

Flux  upper  boundary 
conditioru  for  CO,  H2. 
CH4  and  halocarbons. 
Lower  boundary:  fixed 
mixing  rates  for  H2,  CH4 
Fluxes  for  CO,  NOx 
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Table  2-14.  A Summary  of  Two-Dimensional  Transport-Kinetics  Models  (continued) 


University  of  Oslo 

AERb  Harwell 

Helerijgeneous  removal 

Treat 

(a)  reversible  incloud 
scavenging 

(b)  irreverable  incloud 
scavenging 

(c)  subcloud  scavenging 

Latitudinally  dependent 
for  HNO3,  H2O2  from 
Karol  (1974). 

Surface  deposition 

O3  Wjj  = 0.4cms'* 

SO? 

HjJbj  Wjj=0.7 
PAN  W(3=  0.2 
NO,  Wj3=  0.2 
sulfate  wjj  = 0.2 

Varies  over  land  and  sea 
for  O3.  H2.  HNO3,  CO. 

Diurnal  effects 

Can  do  diurnal 
calculations  or  diurnal 
averaging. 

Diurnal  version 
available. 

Seasonal  variations 

Are  included 

Are  calcula'ed 

References 

Isaksen  & Rodhe  (1978) 
Isakscn  (1980) 

Homtveth  &.  Isaksen  (1981) 
1.  Isaksen  (personal 
communication, 

1981) 

Derwent  & Eggleton  (1978) 
Derwent  & Eggleton  (1981) 
R.  Derwent  (1981). 
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Table  2-14.  A Summary  of  Two-DimensionaJ  Transport-Kinetics  Models  (continued) 


Atmosphenc  and  Environmental 
Kevarch,  Inc. 

Pbyucal  D<Hnain 

0 • 60  km 
90°N90*S 

SpaUal  variable; 

Pressure  coordinates.  Latitude 

Cjiid  revilutiun 

A ln(p./p)  = 0.5  (~  3.5  km) 

A 6 = ir/19  ( -103  km) 

Chemical  sciieme 

35  calculated  species  * H2O  as  fixed  species 

Atmosphere  structure 

T ^ taken  from  earlier  calculauon  of  Oxford 
model,  specified  every  10  days, 

0 calculated  from  given  T, 

11 -,0  calculated  from  seasonal  dependent  relative 
humidity  in  troposphere,  fixed  at  5 ppmv  in  stratosphere 

FYioColysu  treitmcn^ 

lAumal-averaged  photo-dissociaUon  rales 
using  gaussian  integration  over  zenith  angles. 
Absorption  by  O2  and  O3.  Adjustment  allowed 
for  multiple  scattering  and  surface  reflection  at 
long  wavelengths 

Transport  treatment 

Zonal-mean  approach  with  eddy  diffusion 
coefficieiits.  Zonal-mean  wind  fields  and  T 
taken  from  t)ie  earlier  Oxford  model,  specified 
every  10  days.  Lddy  diffusion  coefficients  from 
Luther  (1973)  input  once  a month 

SoluUon  methods 

family  approach  (Ox.  fK>x.  NOx.  Cx) 

Diffusion  equation  is  solved  for  following  species 
using  Adam  Bashford  scheme: 
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Table  2-14.  A Summary 


Solution  methods  (continued) 


Tune-dependent  integration 


Boundary  condition 


Heterogeneous  removal 


Surface  deposition 


Diurnal  effect 


Seasonal  variation 


References 
I 


4 

Dimensional  Transport -Kinetics  Models  (continued) 


Atmospheric  and  I-.nvironmental 
Research,  Inc. 


Long-lived:  N2O,  FC-1 1,  FC-12 

C04.  CHsn.  CH3Cn3.  H2.  CO,  CH4. 

Families:  NOx,  Cx,  Ox- 

The  radical  species  concentrations  obtained 

assuming  hx^al  photochemical  equilibrium 


A t = 4 houn 


(B.  C.  on  long-lived  species  only) 
Upper  boundary.  * 0 all  species 
Lower  boundary.  Fixed  mixing 
ratio  N-)0,  CHjQ.  CQ^,  M2, 
(H4,03,N0x.nx 
Latitude-dependent  Fixed  mixing 
ratio:  CO 

Flux  B.C  FC-1 1,  FC-12.  CH3Ca3 

T = 5 days  Z i 3 J km 

’■  = 11  days  3.5  km  S Zi  7 km 

r’  = 38  days  7 km  £Z  < 10  km 
for  Ha,  HNO3.  CH2O,  H2O2 


Nut  used 


Diurnal  averaging  simulated  by  using 
diumal-averaged  photolysis  rates 


Seasonal  variations  of  T and  wind  Fields  are  taken 
from  Oxford  model  which  are  calculated 


Ko  etal.(l98l) 

D.  Sze  (personal  communication  1981) 
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two-dimensional  models  show  the  near  cwicellation  between  mean  «id  eddy  transpMts.  There 
appears  to  be  some  ability  in  these  models  to  reproduce  some  features  of  the  observed  lati- 
tudinal variation  of  the  lower  stratospheric  long-lived  pses  HNO3.  ^^4* 

Those  models  with  calculated  teonreraturcs  and  winds  reproduce  the  gross  feMures  the 
ten^rature  structure  with  a tropopause  which  varies  in  height  with  latitude  and  increasing 
teoHseritures  up  to  the  stratopause  at  about  50  km*  Harwood  and  Pyle  (1960)  overestimate  the 
zonal  jet  strengths  at  the  ;>tratopause  by  idmost  a factor  of  two.  Their  lower  strttospheric 
vertical  velocities  are  in  good  agreement  with  the  values  based  on  observations,  derived  by 
Vincent  (1968). 

The  principal  advantage  of  two-dimensional  models  over  one-dimensional  models  for 
perturbation  experiments  lies  in  their  ability  to  reproduce  latitudinal  and  seasonal  variations  and 
to  include  more  feedback  processes.  Rao-Vupputuri  (1979).  Borucki  et  al.  (1960),  and  Pyle  (1980) 
have  all  discussed  the  latitudinal  variations  in  ozone  depletion  with  minimum  predicted 
depletions  in  equatorial  latitudes  increasing  towards  the  pole*  F^le  (1960)  also  found  a seasonal 
variation  with  largest  depletions  in  high  latitudes  in  spring.  These  latitudinal  and  seasonal 
variations  are  produced  in  the  model  by  interactions  between  chemical,  radiative,  and  dynamical 
processes. 

Some  Recent  Advances 

Recent  work  has  suggested  iinprovements  to  two-dimensional  models  by  using  a.  mure  physically 
based  K-theory  (Danielser),  1961)  or  by  applying  some  of  tiie  ideas  which  haw*  emerged  from 
studies  employing  Lagrangian-mean  theory  (see  Andrews  & McIntyre  1976,  McIntyre  1980a). 

The  limitations  of  some  of  the  assumptions  behind  Reed  and  German's  (1965)  K-theory  approach 
have  been  exposed  by  a number  of  workers.  Mahiman  (1975)  used  tracer  fluxes  from  a GCM  to 
show  that  the  mean  flux  is  not  necessarily  down  the  mean  gradient.  Clark  and  Rogers  (1976)  and 
Plumb  (1979)  have  considered  the  transport  by  planetary  wave  motions  and  have  shown  that  the 
transport  by  planetary  waves  tends  to  take  place  along  the  gradient  of  conservative  tracers.  In 
this  case  then,  the  transport  tensor  would  take  quite  a (Afferent  form  from  that  of  Reed  and 
German  (1965)  with  Kyy  = **  0 and  Ky^  = - K^. 

In  2-D  models  the  eddies  are  not  just  small  scale,  turbulent  whorls,  isotropic  in  form.  Instead, 
they  include  the  complete  spectrum  of  internal  waves  which  contribute  to  both  the  symmetric 
and  antisymmetric  tensors.  Matsuno  (1980),  using  a simple  channel  model  with  a wave  number  1 
perturbation,  derived  analytic  expressions  for  both  tensors  whose  coefficients  depend  on  the 
product  of  his  proposed  mixing  time  t and  the  angular  frequency  of  the  wave  u.  When  utO, 
the  symmetric  sensor  dominates  in  agreement  with  Reed  and  German's  (1965)  assumption  of 
linear  displacements  (linearly  polarized  waves).  Conversely,  when  (dt>1  the  antisymmetric  tensor 
dominates  in  agreement  with  Clark  and  Rogers'  (1978)  ellipticaliy  polarized  planetary  waves. 
Compatible  with  his  modeling  assumptions,  Matsuno  (1900)  assumed  <dt»1,  which  effectively 
eliminated  the  symmetric  tensor. 

Danielsen  (1961),  taking  full  advantage  of  Eulerian  coordinates,  extended  Matsuno' s mixing  time 
concept  to  include  all  waves.  A complete  asymmetric  transport  tensor,  whose  antisymmetric 
components  include  the  Eulerian  mean  motion  corrected  for  ellipticaily  polarized  velocity 
deviation  (Stakes  Drift)  and  whose  symmetric  components  contain  all  iinearly  polarized 
deviations,  is  shown  to  be  determined  from  the  solution  of  two  equations  in  two  unknowns.  To 
solve  these  equations  a representative  gridpoint  data  set  of  balanced  u,  v,  and  w velocities  and 
thermodynamic  scalers  is  required.  Appropriate  sets  are  being  derived  by  niMHerical  ckagnostic 
methods  and  Uanielsen  (1961)  believes  these  data  will  show  that  Matsuno' s (1980)  estimated 
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mixinR  tinie  t is  much  too  long,  and  that  both  the  symmetric  and  antisymmetric  tensors  will 
osntribute  to  transport,  theb  retigive  importance  depending  on  altitude* 

Other  recent  work  has  suggested  a new  approach  to  studies  of  tracer  transport  using  a 
Lagrangian  mean  framework  in  which  igsparently  tne  eddy  terms  need  not  be  calculated. 
Considering  Equation  (1),  in  practice,  the  mean  and  eddy  flux  terms  almost  cancel  under  steady 
circumstances  without  strong  diabatic  effects,  so  that  the  small  residuiri  of  two  large  terms  must 
be  found.  For  steady,  non-dissipating  waves  (the  eddies),  an  Eulerian-mean  meridional 
circulation  is  induced  which  just  cancels  the  effects  of  the  eddies  on  the  mean  state.  If, 
however,  a Lagrangian  description  is  considered,  the  species  continuity  equation  becomes 
particularly  simple,  and  no  eddy  terms  appear,  thus 


ax!:  + “L  . s*-  w 

at  dy  3p 


where  ( is  some  Lagrangian  average.  (In  a simple  case,  this  could  be  nn  average  following  an 
air  parcel.)  Thus,  in  a Lagrangian  description,  we  rnove  with  the  flow;  in  an  Eulerian  description, 
the  flow  is  observed  from  a fixed  point).  The  problem  then  becomes  one  of  finding  vl-  and  w*- 
(and  S*-)  rather  than  the  eddies.  It  should  be  mentioned  at  this  point  that  Danieisen  (1981)  has 
argued  that  Biluation  (4)  is  a g'eat  oversimplification  when  applied  to  bulk  parcels  of  air.  For 
averages  over  large  volumes,  the  deviations  from  either  an  Eulerian  or  Lagrangian  mean  will  be 
very  significant;  eddy  terms  cannot  be  neglected.  Their  dispersion  about  the  Lagrangian  mean  has 
also  been  demonstrated  by  Hsu  (1960).  Note  that,  for  large  deviatory  flows,  it  is  possible  that 
none  of  the  individual  fluid  parcels  within  the  bulk  average  will  have  trajectories  given  by  and 
wl-.  (For  further  discussion  of  the  practical  limitations  of  the  Lagrangian  approach,  see  McIntyre, 
et  al.  1980b  and  Mahiman  et  al.  1981.  To  caution  further,  it  $h  /uid  be  remembered  that  whatever 
description  is  applied,  the  transport  process  must  contain  the  essential  physics. 

Dunkerton  (1978)  pointed  to  the  possible  advantages  of  an  approach  based  or.  Equation  (4).  He 
approximated  tire  Lagrangian  mean  circulation  with  that  driven  by  the  Eulerian  mean  diabatic 
heating.  In  fact,  the  eddy  diabatic  heating  term  also  will  contribute  to  th^  Lagrangrian  mean 
circulation. 

The  above  ideas  have  led  to  the  development  of  modified  Eulerian  n«ean  models.  Making  the  same 
approximations  as  Dunkerton  (1978),  Pyle  and  Rogers  (1980)  and  Rogers  and  Pyle  (1%0)  identify  a 
'residual  meridional  circulation'  (the  difference  between  the  Eulerian  circulation  and  that  part 
induced  by  steaoy,  non-dissipating  waves  (see  Andrews  and  Mcintyre,  1976)  with  that  circulation 
driven  by  the  diabatic  heating.  The  cancellation  of  the  eddy  terms  in  Equation  (1)  by  the  induced 
meridional  circulation  is  oniy  exact  in  the  case  of  steady  waves,  with  no  dissipation,  away  from 
critical  lines  and  for  a conservative  tracer.  The  cliemically-induced  transport,  modeled  by  the 
symmetric  component  of  the  K's  (see  above)  also  must  be  included. 

Thus,  in  their  model,  Rogers  and  Pyle  include  the  diabatic  circulation  plus  the  chemical 
contribution  to  the  eddy  transport  as  well  as  the  photochemical  sources  and  sinks.  The  eddy 
perturbation  velocities,  occurring  in  the  expression  for  the  K's,  are  calculated  within  the  tnodel. 
The  ozorre  distribution  reproduced  shows  many  satisfactory  features  with  an  equatorial  minimum 
and  high-latitude  spring  maxima* 
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Holton  (1961)  has  also  developed  a modified  Euterian  model  in  which  the  transport  is  purdy 
advective.  His  definition  of  the  residual  meridional  circulation  is  a little  different  from  that  of 
Pyte  and  Rogers,  and  is  derived  from  the  output  of  a primitive  equation  model*  Nevertheless,  the 
models  are  basically  similar  in  approach  and  represent  an  area  of  activity  in  two-dimensional 
modeling.  However,  neither  model  includes  cHffusion  which  is  irr^xirtant.  It  should  be 
remeribered,  for  example,  that  the  spread  of  radioactive  iiaoes  from  equatorial  latitudes  is  welt 
represented  as  just  a diffusion  process  (Fedy  and  Spar,  1960;  Reed  and  German,  1965). 

One  approach  that  might  hold  some  promise  in  two-dimensional  modeling  of  the  stratosphere  is 
isentropic  modeling,  i.e.,  using  potential  temperature  as  a vertical  coordinate.  While  this 
technique  has  not  been  used  in  modeling  the  stratosphere,  it  has  been  used  in  modeling  the 
troposphere  (Bleck,  1974)  and  the  ocean  (Bieck,  197B).  Mean  meridional  drculations  in  the 
troposphere  have  also  been  modeled  in  isentropic  coordinates  (Dutton,  1976). 

The  current  state  of  affairs  in  two-dimensional  modeling  of  the  stratosphere  is  one  in  which 
both  theoretical  work  and  three-dimensional  modeling  results  may  be  expected  to  provide  treat- 
ments of  the  eddy  and  mean  circulation  transports  that  have  a better  physical  foundation  than 
now  exists  in  these  models.  Most  existing  two-dimensional  modeling  efforts  use  h^hly  empirical 
transport  treatments,  and  their  results  must  be  interpreted  with  care  taking  into  account  these 
formulations. 

THREE-DIMENSIONAL  MODELS 
Existing  Models 

Because  the  atmosphere  is  a three-dimensional  fluid,  it  is  clear  that  a complete  quantitatively 
accurate  simulation  of  the  radiative-chemical-dyr.amical  behavior  of  the  stratosphere  requires  a 
thr3e-dimensional  model.  Three-dimensional  models  need  not  rely  as  heavily  on  parameterization 
of  unresolved  processes  as  do  one-  and  two-dimensional  models.  Thus,  development  of  fully 
coupled  three-dimensional  models  must  be  regarded  as  a key  objective  of  any  serious  long-term 
research  effort  to  understand  and  predict  perturbations  of  the  ozone  layer  and/or  surface 
climate  as  a result  of  human  activities. 

The  development  of  a credible  three-dimensional  simulation  is  a complex  undertaking  which 
cannot  succeed  without  a firm  basis  in  theoretical  understanding  of  the  various  physical  and 
dynamical  processes  which  control  the  coupled  atmospheric  system.  Attainment  of  this  level  of 
understanding  requires  that  we  utilize  an  arsenal  of  three-dimensional  models  of  varying 
complexity.  Although  many  levels  of  sophistication  are  represented  by  the  various  models 
summarized  in  Table  2-15,  for  classification  purposes  we  have  divided  these  into  two  major 
types:  the  general  circulation  model  (CCM)  and  the  mechanistic  mode!  (MM).  We  wilt  define  the 
CCM  to  be  any  model  which  i>  capable  of  a comprehensive  treatment  of  the  atmospheric 
(stratosphere-troposphere)  system  using  the  primitive  equations  of  motion.  The  MM  is  a more 
limited  model,  simplified  to  study  certain  phenomena,  such  as  sudden  warmings.  MMs  classified 
here  are  usually  area  restrictive  (e.g.,  no  troposphere)  and/or  dynamically  simplified  (e.g., 
quasi-geostrophic). 

A major  goal  of  three-dimensional  modeling  is  to  provide  an  accurate  simulation  of  stratospheric 
dynamic  phenomena  to  (1)  increase  our  understanding  of  the  physics  of  the  stratosphere,  (2) 
guide  measurement  strategies,  and  (3)  perform  prognostic  studies  to  determine  the  impact  of 
various  pollution  scenarios  on  the  Earth's  climate.  All  of  the  models  mentioned  in  this  section 
achieve  a measure  of  success  in  the  first  goal.  Fewer  of  the  models,  only  the  most  sophis- 
ticated, have  made  achievements  along  the  other  lines.  Because  three-dimensional  models  are 
time  consuming,  complex,  and  require  several  years  of  development,  results  from  the  simplest 
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thrM>d(m«nsioiMil  models  have  dominated  the  literature  in  number,  at  least.  This  section 
contains  a brief  review  of  the  progress  achieved  by  the  three-dimensional  models  and  a dis- 
cussion of  some  of  the  anticipated  future  research  areas  to  be  attempted  with  these  models. 

The  list  of  three-dhnensionBi  models  (and  modeters)  given  in  Table  2-1S  is  based  on  a poll  of  the 
community.  This  list  contains  only  the  poll  respondents  and  may  not  be  complete.  We  have 
included  models  which  are  no  longer  active  (e.g.,  Schiesinger  and  Mintz,  1979)  or  models  still 
under  initial  development.  Only  one  publication  is  iisted  for  the  models  which  have  published 
results.  Additkmd  references  may  be  found  in  the  listed  publicMion. 

Formulation  of  ThrerDimensionai  Mod^ 

Some  extra  care  must  be  devoted  to  the  formulation  of  stratospheric  modeis  sin<»  it  is  not 
immediately  obvious  what  resolution  requirements  are  needed  to  simulate  strjttospheric 
structure.  It  is  apparent  from  Table  2-15  that  a variety  of  vertical  and  horizontal  spacing 
schemes  are  used  by  various  modeling  groups.  For  the  'stratosphere  only*  models,  the  resolution 
is  often  dictMed  by  the  phenomona  under  study. 

In  the  vertical,  the  resolution  should  be  some  fraction  of  the  vertical  wavelength  of  the  eddies 
or  depth  scale  of  the  circulation  under  consideration,  or  a fraction  of  the  density  scale  height, 
whichever  is  less.  These  scale  requirements  ate  quite  different  for  the  mid-latitudes  and  the 
tropics.  For  example,  some  tropical  stratospheric  wave  simulations  may  require  vertical  grid 
scales  of  1 km  or  less  (Plumb,  1961).  On  the  other  hand,  mid-latitude  planetary  wave  simulation 
may  require  a vertical  grid  of  only  3 to  5 km  because  planetary  waves  are  observed  to  have  rather 
long  vertical  wavelengths  in  the  strittosphere. 

Another  problem  associated  with  stratospheric  models  Is  the  upper  boundary  condition,  kiany 
models  use  a log  pressure  (or  log  a,  where  a is  the  ratio  of  the  pressure  to  the  surface 
pressure)  vertical  coordinate  which  requires  a boundary  condition  at  some  finite  altitude.  The 
rigid  lid  condition  (6=  0 at  the  upper  boundary)  reflects  upward  propagating  waves.  To  prevent 
such  reflections  some  models  employ  enhanced  damping  regions  below  the  lid.  The  effect  of 
sponge  layers  on  the  dynamics  of  three-dimensional  models  is  not  completely  known  and  iemains 
a subject  for  future  research.  Nevertheless,  it  appears  that  stratospheric  models  should  place 
their  sponge  layer  and  rigid  lids  well  above  the  stratopause  to  avoid  interference  with  the  zonal 
mean  circulation. 

The  lower  boundary  conditions,  of  course,  vary  depending  on  whether  or  not  the  model  includes 
a troposphere.  Many  of  the  'stratosphere  only*  models  make  some  kirn!  of  specification  of  the 
eddy  fluxes  into  the  stratosphere  as  well  as  zonal  mean  fields  along  some  pressure  surface  in  thc 
troposphere  or  at  the  tropopause  (->  100  mbar).  These  models  can  make  no  attempt  to  study 
troposphere-stratosphere  interaction  but  focus  on  the  flow  evolution  in  tlie  stratosphere  alone. 

The  models  which  contain  a troposphere  often  use  the  implicit  topographic  formulation  of  the 
coordinate  system  which  follows  the  topography.  Thermal  forcing  is  often  utilized  in  the  context 
of  specified  lana-sea  temperatures,  or  the  more  comprehensive  models  use  fixed  surface 
temperatures  over  the  (xrean  and  an  energy  balance  condition  over  land. 

Some  models  (e.g.,  CFITL's  model)  use  an  interface  between  o and  p systems  at  some  finite 
pressure  (Sangster,  I960;  Arakawa  and  Lamb,  1977).  While  this  system  may  provirte  some  com- 
putational difficulties  for  the  dynamics  and  may  reflect  sonrte  upward  propagating  waves, 
(although  there  has  been  no  demonstration  of  this)  it  offers  other  distinct  acJvantages  as  dis- 
cussed by  Fe!s  et  al.  (I960).  For  example,  the  computational  speed  of  the  model  is  increased 
because  the  horizontal  diffusion  terms  and  other  pressure  determined  parameterizations  in  the 
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model  do  not  have  to  be  interpolated  from  the  o to  the  p frid.  Also,  it  facilitates  the  analysis  of 
the  modeled  fields. 

A variety  of  methods  are  used  for  the  horizontal  approximations  of  differential  equations.  Finite 
difference  techniques  with  fourth  order  accuracy  are  known  for  grid  point  models,  and  enstrophy 
and  energy  conserving  schemes  have  been  clearly  described  (Arakawa  and  Lamb,  1977).  Spectral 
methods  are  also  quite  popular  since  they  are  relttively  simple  to  code  and  appear  to  have 
slightly  lower  con^uter  memory  requirements  for  equivatent  resolution.  Spectral  morkis  generally 
use  an  advective  formulation  (Bourke,  1974,  for  example)  but  a flux  form  has  been  recently  de- 
veloped by  Gordon  (1981).  There  does  not  appear  to  be  any  clear  computational  or  formulative 
advantages  of  high  resolution  spectral  models  vs.  grid  methods  in  the  long  run. 

Quasi-geostrophk  numerical  models  have  been  used  historically  because  the  quasi-geostrophic 
scaling  eliminates  gravity  waves,  thus  permitting  a larger  time  step.  A drawback  in  the  quasi- 
geostrophic  approximation  is  that  the  equatorial  circulation  is  poorly  modeled. 

The  development  of  the  semi-implicit  time  scheme  (Robert,  1%9)  and  other  specialized  algorithms 
(Gadd,  1978)  allows  a large  increase  in  the  time  step  for  the  primitive  equation  models  without  a 
corresponding  increase  in  the  corr^utational  overhead.  This  technique  is  usually  applied  to  spec- 
tral rnodels  (Bourke,  1974)  but  has  also  been  used  in  grid  models  (Chang  and  Madala,  1980).  The 
computational  cost  advantage  of  the  quasi-geostrophic  model  has  decreased  relative  to  the  primi- 
tive equation  model  but  because  of  its  simplicity  it  still  remains  a usefi  tool  for  stratospheric 
modeling. 

The  parameterization  scheme-  for  the  physical  vxesses  ' the  stratospiiere  vary  widely  as  Table 
2-15  indicates.  These  schemes  fall  into  thret  categories:  radiation  (UV  insolation  and  IR  pro- 
cesses); chemistry,  friction  or  diffusion  of  momentum;  and  the  inclusion  of  the  transport  and 
chemistry  for  trace  constituents.  How  the  models  formulate  these  processes  will  be  discussed  in 
the  next  sections  since  these  aspects  of  the  models  usually  represent  recent  developments. 

Status  and  Prograss  of  Thrae-Dimwsional  Models 

In  principle,  three-dimensional  models  can  be  made  to  be  more  internally  consistent  and  made  to 
include  more  interactive  physical  processes  than  can  the  lower  order,  more  highly  parameterized 
models.  Historically,  workers  with  three-dimensional  models  have  been  reluctant  to  include 
complicated  interactive  chemistry  packages  in  them.  This  is  partly  due  to  considerations  of 
computer  resources,  but  there  are  also  more  fundamental  reasons. 

For  example,  the  study  of  interactive  transport  and  chemistry  using  a general  circulation  model 
with  questionable  dynamics,  i.e.,  one  in  which  the  dynamic  structure  does  not  compare  favor- 
ably with  observations,  does  not  tell  one  much  about  the  Earth’s  atmosphere.  In  addition,  uncer- 
tainity  in  chemical  reaction  rates  and/or  photochemical  cross  sections  has  caused  investigators 
with  three-dimensional  models  of  the  stratosphere  to  avoid  incorporating  on-line  computation 
of  transport  and  chemistry  into  their  models  for  the  most  part.  The  emphasis  of  these  three- 
dimensional  models  at  the  present  time  then  is  on  the  understanding  of  radiative-dynamical- 
chemical  interactions  rather  than  on  completely  simulating  stratosphere  conditions  or  predicting 
future  states  of  the  stratosphere. 

The  following  sections  discuss  some  of  the  recent  contributions  of  three-dimensional  modeling 
to  understanding  the  stratosphere.  Only  recent  efforts  are  discussed  since  previous  efforts  have 
been  reviewed  fay  NASA  RP  1049. 
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The  Zonal  Mean  Circulation 

There  is  a significant  departure  from  radiative  equilibrium  in  the  middle  atmosphere  during 
solstice  in  both  the  summer  and  winter  mesosphere  and  at  the  winter  stratopause  (Murgatroyd 
and  Goody,  1958).  For  example,  radiative  equilibrium  computations  tfve  polar  night  stratospheric 
temperatures  40  to  5(f  lower  than  is  observed  (Manabe  and  Hunt,  1968).  Leovy  (1964)  and  later 
Schoeberl  and  Strobel  (1978a)  shoived  that  dynamical  heating  and  cooling  by  a vast  pole-to-pole 
circulation  cell  could  raise  the  winter  strMopause  and  lower  the  summer  mesopause  tempera- 
tures to  the  observed  values.  To  generate  the  pole-to-pole  circulation  cell,  these  authors 
required  a momentum  sink  in  the  mesosphere  which  they  parwneterized  by  Rayleigh  friction. 

Holton  and  Wehrbein  (1960a)  and  Mahiman  and  Sinclair  (1960)  showed  that  the  zonally  symmetric 
circulation  in  additmn  to  warming  the  winter  polar  stratosphere  could  produce  the  easterly 
phase  of  the  semiannual  oscillation  of  the  mesophere. 

Upward  propagating  planetary  waves  jg>pear  to  he  incapable  of  providing  the  large  momentum 
sink  that  is  given  by  the  Rayleigh  friction  parameterizations  in  the  studies  mentioned  above. 
Furthermore,  planetary  waves  are  observed  at  upper  stratospheric  levels  only  in  the  winter 
hemisphere  while  tire  momentum  sink  must  be  present  in  both  hemispheres  throughout  the 
seasons. 

Lindzen  (1971)  and  others  have  suggested  that  breaking  gravity  waves  which  originate  in  the 
trop>osphere  might  provide  such  a momentum  sink.  Lindzen  (1981)  has  analyzed  the  gravity  wave 
problem  noting  that  breaking  gravity  waves  would  produce  a momentum  sink  with  a functional 
form  quite  unlike  Rayleigh  friction.  However,  Lindzen's  model,  also  highly  parameterized,  has  yet 
to  be  fully  tested  in  a three-dimensional  model.  Andrews  et  al.  (personal  communication)  have 
been  able  to  simulate  closure  of  the  stratospheric  jets  in  an  annual  mean  model  using  a 
Richardson  number  dependent  diffusion.  In  their  calculation,  the  required  deceleration  is  induced 
in  the  upper  mesosphere  by  the  mechanical  dissipation  of  upward  propagating  planetary  waves. 

The  importance  of  the  diabatically  forced  mean  tneridional  circulation  in  the  upper  stratosphere 
for  tracer  transport  studies  was  emphasized  by  Dunkerton  (1978).  In  addition  to  the  diabatic 
effects  of  radiative  heating  and  cooling,  the  motnentum  dissipation  processes  for  the  zonal  mean 
flow  are  crucial  in  determining  the  strength  of  the  mean  meridiortal  circulation  in  the  upper 
stratosphere.  The  lower  and  middle  stratosphere,  however,  contains  large  amplitude  dissipating 
and  transient  waves  which  also  contribute  to  the  transport  of  tracers  and  the  diabatic  processes 
of  lower  stratosphere  as  will  be  discussed  in  the  next  section. 

Another  physically  irr^iortant  aspect  of  the  zonal  mean  circulation  is  the  tropical  Hadley  cell.  It 
is  currently  believed  that  the  dessication  of  the  stratosphere  occurs  because  the  minimum  water 
vapor  mixing  ratio  in  the  stratosphere  is  partiallv  set  by  the  mass  of  air  ascending  through  cumu- 
lus 'hot  towers*  in  the  tropics.  The  minimum  mixing  ratio  provides  a sink  for  the  downward  flux 
of  water  vapor  (generated  by  methane  photolysis)  from  the  upper  stratosphere.  The  fact  that  the 
water  vaixtr  mixing  ratio  varies  by  four  orders  of  nvignitude  from  the  surface  (-'•10^  ppm)  to  the 
lower  stratosphere  (—5  ppm)  has  important  implications  for  the  devebpment  of  hydrological  and 
transport  schemes  in  three-dimensional  stratosphere-troposphere  models.  For  example,  If  the 
water  vapor  mixing  ratio  exceeds  15  ppm  in  the  stratosphere  through  numerical  error,  the  radia- 
tion budget  will  also  be  affected.  The  large  variation  of  water  vapor  mixing  ratio  with  tempera- 
ture probably  makes  it  unrealistic  for  a finite  grid  model  to  simulate  the  cold  tropical  tropropause 
trap  without  paranieterization.  Kida  (1977),  in  a simplified  general  circulation  n>odel,  has  shown 
that  air  parcels  do,  on  the  average,  follow  the  trajectories  of  a large  Equator-to-pole  'Hadley 
cell.*  1 hree-dimensiona)  models  should  incorporate  a fairly  realistic  tropical  troposphere  with  a 
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moisture  cycle  and  simulated  latent  heat  release  to  simulate  the  Hadley  ceil  correctly.  Very  few 
of  the  rnocbls  listed  in  Table  2-15  have  this  capability  at  present. 

Extratropical  Waves,  The  Sudden  Warming 

The  winter  stratosphere  is  influenced  by  the  presence  of  large  amplitude  planetary  scale  waves  as 
indicated  by  observational  studies  (e.g.^  Van  Loon  et  al.,  1973),  and  predict^  by  numerical 
models  (e.g.,  Matsuno,  1971).  These  waves  play  an  important  role  in  the  transport  and  variability 
of  inert  and  photochemicaliy  active  trace  species.  Thus  it  is  essential  that  the  large  scale  waves 
and  their  effects  on  the  mean  flow  be  reasonably  simulated  in  three-dimensional  models*  The 
most  spectacular  example  of  large  scale  wave-mean  flow  interaction  in  the  stratosphere  is  the 
stratospheric  sudden  warming.  This  phenomena  has  been  the  focus  of  much  recent  work.  Numer- 
ical simulations  by  Schoeberl  and  Strobel  (1980)  pointed  out  the  differences  in  the  devebpment 
of  the  warming  for  different  wavenumbers  and  examined  the  effect  of  dissipation  on  the  warm- 
ing. Lordi  et  al.  (1980)  and  Hsu  (1981)  demonstrated  how  wave-wave  interactions  can  greatly 
alter  and  possibly  accelerate  the  evolution  of  the  sudden  warming.  O'Neill  (1980)  analyzed  the 
sudden  warming  which  spontaneously  appears  in  the  British  three-dimensional  model.  He  noted 
that  prior  to  the  warming  event  the  equatorward  flux  of  momentum  by  planetary  scale  waves 
suddenly  reverses.  Similar  results  were  obtained  by  Hazard  and  Grose  (1961).  Dunkerton  et  al. 
(1981)  have  diagnostically  analyzed  a model  generated  zonal  wavenumber  2 sudden  warming.  They 
showed  that  the  evolution  of  the  mean  flow  as  a result  of  wave-mean  flow  interaction  processes 
could  be  determined  by  evaluating  the  so-called  Eliassen-Palm  (EP)  flux  (Eliassen  and  Palm,  1961 
and  Andrews  and  McIntyre,  1976).  The  EP  flux  can  be  shown  to  be  a fundamental  measure  of  the 
flux  of  wave  activity  in  the  meridional  plane  which  has  the  property  that  its  divergence  nearly 
equals  the  net  wave  driven  mean  flow  acceleration.  The  wavenumber  2 warming  is  often  charac- 
terized by  the  p>oieward  progression  of  easterlies.  They  found  that  the  evolution  of  critical  layers 
at  low  latitudes  from  absorbing  to  reflecting  wave  energy  produce  this  effect.  Even  some  fully 
nonlinear  models  show  this  behavior  (Lordi  et  al.,  1981),  but  the  real  atmosphere  does  not 
appear  to  produce  sudden  warmings  in  this  manner.  Considerable  effort  is  under  way  to  try  to 
understand  the  differences  between  models  and  observations. 

The  significance  of  planetary  wave  dynamics  on  the  transport  of  trace  species  was  clearly 
demonstrated  by  Hsu  (1980).  She  used  a ring  of  marker  particles  to  trace  the  Lagrangian  motion 
of  the  fluid  during  a model  generated  sudden  warming.  Figures  2-9  and  2-10  show  her  results. 
The  sudden  warming  was  a planetary  wave  2 event  with  a polar  temperature  peak  occurring  at 
day  30.  In  Figure  2-9  the  evolution  of  the  ring  of  tracer  particles  in  the  horizontal  plane  is 
shown.  Figure  2-10  indicates  the  height-latitude  cross  section  of  a ring  initially  at  6(fN.  The 
Lagrangian  mean  motion  of  the  fluid  is  also  nicely  illustrated  in  Figure  2-10  where  the  descent  of 
the  center  of  mass  of  the  ring  is  clearly  seen.  The  rotation  of  the  ring  illustrates  the  presence  of 
eddy  heat  transport  as  downward  displaced  particles,  which  are  compress  ion  ally  heated,  move 
northward.  Upward  displaced  (cooler)  particles  move  toward  the  Equator.  Both  figures  show  the 
enornmus  horizontal  and  vertical  dispersion  which  take  pl«re  for  air  parcels  during  the  sudden 
warming.  In  the  horizontal  plane,  air  parcels  at  3(fN  are  displaced  to  nearly  6(fN  in  10  days.  A 
vertical  dispersion  of  4 km  is  seen  in  Figure  2-10.  Note  that  the  dispersion  of  the  particles  is 
much  larger  than  the  Lagrangian  mean  displacement.  Such  dispersion  will  produce  large  altitude 
variability  in  tracers  with  an  initial  mean  gradient  and  will  also  contribute  to  'mixing*  of  the  air 
parcels. 

The  overall  condition  of  the  stratosphere-troposphere  system  which  gives  rise  to  the  sudden 
warming  and  the  mechanism  by  which  large  scale  waves  are  forced  and  maintained  still  are  not 
well  understood.  Schoeberl  and  Strobel  (1980)  have  indicated  that  planetary  scale  topography 
seems  sufficent  to  produce  the  large  scale  waves  which  force  the  sudden  warming.  The  role  of 
thermal  forcing  due  to  land-sea  heating  has  yet  to  be  explored  fully  (Dickinson,  1980). 
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Figure  2 9.  Horizontal  projections  of  a set  of  particles  on  the  indicated  days.  The  particles  are  distributed 

uniformly  around  the  30°N  latitude  circle  at  30.8  km  on  day  0.  In  (a)-(c)  the  area  inside  the  thin 
solid  line  connecting  the  particles  is  shaded.  This  is  not  possible  in  (d)  (f)  due  to  the  complicated 
geometry  (from  Hsu.  1980). 
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Tropical  Waves 

Some  three«dimen$ional  models  have  had  some  success  at  simulating  tropical  wave  structure  in 
the  upper  stratosphere  (Mahiman,  personal  communication),  but  the  requirements  on  vertical 
resolution  probably  puts  the  QBO  (Quasi-Biennial  Oscillation)  beyond  the  range  of  most  models 
where  the  resolution  requirements  were  made  with  the  extratropics  in  mind.  the  other  hand, 
it  is  not  apparent  that  the  QBO~and  simulation  of  the  mixed  Rossby-gravity  and  Kelvin  waves 
which  force  the  QBO  play  any  significant  role  in  tracer  advection  outside  of  the  tropics. 
However,  extratropical  effects  of  the  QBO  cannot  be  ruled  out.  For  exarr^le,  Holton  and  Tan 
(1960)  have  shown  that  50  mbar  height  deviations  at  .ligh  latitudes  are  apparently  correlated  with 
the  QBO  phase.  Sudden  warming  simulations  by  Schoeberl  and  Strobel  (1960)  also  showed 
different  results  depending  on  the  phase  of  the  QBO.  Certainly,  the  BUV  total  ozone  amounts 
show  a quasi-biennial  nx>dulation.  Thus,  QBO  simulation  may  be  a necessity  for  a realistic 
simulation  of  the  extra-tropical  stratospheric  environment. 

Dunkerton  (1979)  has  proposed  a mechanism  whereby  the  dissipation  of  a vertically  propagating, 
zonal  wavenumber  1 Kelvin  wave  with  phase  speed  in  excess  of  50  m/s  might  give  rise  to  the 
westerly  phase  of  the  semiannual  oscillation.  Observations  appear  too  coarsely  spaced  in  the  ver- 
tical to  confirm  this  idea  (Hirota,  1978)  but  it  is  interesting  to  note  that  the  westerly  phase  of 

the  semiannual  oscillation  in  the  GFDL  model  appears  to  result  from  the  same  mechanism 

(Mahiman  and  Sinclair,  1980). 

Radiation 

A considerable  effort  has  been  made  to  improve  the  radiative  transfer  algorithms  In  three- 
dimensional  models.  Studies  by  Ramanathan  (1977)  indicated  that  important  changes  in  the  direct 
radiative  interaction  between  the  stratosphere  and  the  surface  might  be  possible  through  the 
downward  stratospheric  IR  emission  during  sudden  warmings.  Because  H2O  carries  nrx>st  of  the 
IR  load  from  the  troposphere,  tropospheric  CCMs  use  very  simple  CO2  and  O3  IR  models. 
However,  H2O  is  the  weakest  IR  emitter  in  the  stratosphere  with  optically  thick  CO2  taking  the 
load.  The  opacity  of  the  CO2  line  cores  make  careful  treatment  of  line  wings,  overlap  effects, 
hot  bands,  and  isotopic  bands  important  since  almost  no  radiation  escapes  to  space  from  the 

line  core  itself.  A very  sophisticated  accurate  radiation  model  has  been  developed  recently  by 

Pels  and  Schwartzkopf  (1975,  1981).  Computationally  faster,  but  less  detailed  models  have  also 
been  developed  by  Apruzese  (1980)  and  Wehrbein  and  Leovy  (1981)  using  different  techniques. 

The  necessity  of  accurate  sophisticated  treatment  of  radiation  has  been  demonstrated  clearly  by 
Pels  et  al.  (1980)  for  CO2  doubling  and  O3  depletion  experiments  in  their  annually  averaged 
model.  The  impact  of  the  new  radiative  transfer  schemes  on  model-simulated  sudden  warmings 
is  currently  being  investigated. 

Some  new  results  have  also  been  obtained  in  the  computation  of  solar  insolation.  Most  models 
or  parameterization  schemes  use  the  measurement  of  UV  fluxes  by  Broadfoot  (1972)  to  compute 
the  heating  in  the  Herzberg  continuum  and  Hartley  regions;  however,  a new  measurement  by 
Mount  et  al.  (1960)  during  solar  maximum  indicates  that  these  values  may  be  too  high  by  35  t 
15%. 

One  of  the  weakest  points  of  model  radiative  parameterizations  is  the  treatment  of  clouds  and 
their  radiative  properties.  Cloud  emissivities  are  arbitrarily  prescribed  instead  of  making  thes3 
depend  on  the  water  content  of  clouds.  This  is  potentially  a serious  problem  for  drrus  clouds 
since  their  water  content  varies  significantly  from  Equator  to  pole,  particularly  during  wintertime. 
It  is  possible  that  the  corresponding  latitudinal  variation  in  IR  cooling  rates,  which  is  not 
accounted  for  in  models,  rnay  help  determine  the  wintertime  zonal  wind  profile  between  the 
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upper  troposphere  and  middle  stratosphere.  Furthermore^  since  the  water  content  of  cirrus 
clouds  is  largely  determined  by  large-scale  dynamics,  cirrus  cloud-radiative  interactions  may  be 
one  of  the  important  contributors  to  radiative  dynamical  interaction. 

It  is  well  established  that  raditfive-chemicd  coupling  amplifies  the  radiative  damping  rates  in  the 
stratosphere,  a process  first  postulated  by  Craig  (1960).  This  effect  results  from  the  temperature 
sensitivity  of  the  Chapman  reactions.  However,  the  emergenoe  of  catalytic  reaction  control  of  the 
photochemical  equilibrium  ozone  mixing  ratio  indicates  an  increased  time  constant  for  photo- 
chemical acceleration  of  the  radiative  damping  rate.  Recent  work  indicates  that  radi^i\«  dwnping 
(Pels,  1981)  and  photochemical ly  accelerated  radiative  darr4>ing  in  the  ttmosphere  is  strongly 
dependent  on  the  vertical  scale  (Hartmann,  1978;  Strobe!,  1978,  1979;  Ghazi  et  al.,  1980).  In  the 
former  case,  if  the  vertical  wavelength  of  the  thermal  disturbance  is  short  (<me  scale  height  or 
less),  IR  exchange  between  layers  enhances  the  radiative  relaxation,  in  the  latter  situation,  the 
vertical  structure  of  the  ozone  column  determines  and  controls  the  insolation  changes  which  are 
important  for  photochemical  acceleration. 

Chemistry  and  Tracers 

Long-term  simulation  with  interactive  although  with  highly  simplified  chemistry  wd  dynamics 
have  been  performed  with  the  MITA3IT  model  (Cunnold  et  al.,  1980).  Most  modelers  prefer  to 
utilize  'off  line’  tracer  chemical  models  in  which  the  dynamic  nx>del  advects  and  diffuses  the 
tracer,  but  no  feedback  into  the  dynamic  model  is  allowed.  This  latter  type  of  model  can  fill  a 
variety  of  roles.  Moxim  and  Mahiman  (1960)  for  example,  have  used  the  tracer  model  developed  by 
Mahiman  and  Moxim  (1978)  to  assess  the  ozone  sampling  network  and  determine  the  impact  of 
new  observing  stations.  Mahiman  et  al.  (1980)  have  used  the  same  model  with  11  level  GCM 
dynamics  to  examine  ozone  advection  using  chemically  computed  and  specified  ozone  dis- 
tributions along  the  upper  boundary  (10  mbar).  They  found,  as  is  observed,  poleward-downward 
flux  of  ozone  during  winter  due  to  the  'Lagrangian-mean'  drift  of  the  constituent  as  produced 
by  transient  and  dissipating  eddies.  This  process  is  of  great  importance  in  the  irreversible 
transport  of  tracers  into  the  polar  vortex.  Levy  et  al.  (1979)  have  also  examined  the  structure 
and  variability  of  N2O  with  their  tracer  model. 

RADIATIVE-CHEMICAL-DYNAMIC  INTERACTIONS 

Introduction 

The  observed  stratospheric  climate  is  influenced  strongly  by  interactions  among  radiative, 
dynamical,  and  chemical  processes.  Troposphere-stratosphere  interactions  also  play  a key  rule  in 
determining  stratospheric  climate  since  the  two  regions  of  the  atmosphere  exchange  mass, 
momentum,  and  radiative  energy.  The  coupled  nature  of  the  problem  as  we  understand  it  from 
modeling  and  observational  studies  is  illustrated  schematkaliy  in  Fig-jre  2-11.  The  tropo- 
sphere-stratosphere radiative/rnechanical  coupling,  of  course,  enables  changes  in  stratospheric 
climate  to  be  transmitted  to  the  troposphere  to  some  extent.  Vertically  propagating  planetary 
waves  and  modulation  of  tropospheric  rolar  absorption  by  stratospheric  O3  absorption  are  some 
of  the  possibilities.  Recent  one-,  two-  and  three-dimensional  model  studies  have  examined  the 
interactions  among  some  of  the  processes  and  have  provided  valuable  insights  into  the  problem. 
In  spite  of  these  important  recent  developments,  several  outstanding  problems  need  to  be  re- 
solv^  in  our  understanding  of  these  interactive  processes.  Here,  we  will  focus  our  attention  on 
this  aspect  (viz,  the  outstanding  problems)  of  modeling  interactive  processes. 
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Figure  2-11.  The  coupled  troposphere-stratosphere  system  (from  Ramanathan,  1980a). 


Modeling  Interactive  Processes 

Radiutivc-Dynamical  Interactions 

• Wintertime  Zonal  Winds  and  Temperatures 

The  troposphere-stratosphere  couplins  through  planetary  wave  propagation  is  strongest  in 
winter  and  spring  since  planetary  waves  propagate  mainly  in  the  presence  of  westerlies.  The 
poleward  transport  of  heat  by  these  waves  helps  to  maintain  wintertime  middle  and  polar 
latitude  temperatures  against  IR  cooling. 

Furthermore,  these  effects  of  the  propagating  waves  are  strongly  influenced  by  the  vertical 
and  latitudinal  distribution  of  radiative  dissipation  rates.  As  a result,  the  wintertime 
stratospheric  climate  is  determined  to  a large  extent  by  stratosphere-troposphere  coupling 
and  by  radiative-dynamical  interactions  within  the  stratosphere.  Hence,  the  simulation  of  the 
winter  stratosphere  is  a crucial  test  for  a model's  capability  to  account  for  such  coupled 
processes.  Unfortunately,  most  primitive  equation  GCMs  fare  badly  in  this  area.  The  winter 
polar  temperatures  predicted  by  the  GCMs  in  midstratosphere  are  often  30  to  4U  K colder 
than  observed  and  the  zonal  winds  are  almost  twice  the  observed.  Improvements  in  several 
areas  may  be  required  to  resolve  this  problem:  (a)  proper  treatment  of  radiative  effects: 
temperature  de(K*ndence  of  CO2  hot  bands,  lX>ppler  broadening  effects,  a better  prescription 
of  the  vertical  and  latitudinal  distribution  of  H2O  and  clouds  (these  radiation  processes  may 
introduce  stiong  latitudinal  and  vertical  gradients  in  radiative  dissipation  rates  as  well  as 
greatly  reduce  polar  IK  cooling  during  wintertime);  (b)  proper  treatment  of  physical 
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processes  that  excite  cyclone  and  planetary  waves  in  the  troposphere  and  lower 
stratosphere;  and  (c)  inclusion  of  the  mechanical  dissipation  by  smalt  scale  motions  in  the 
ni>esosphere  which  can  indirectly  warm  the  stratosphere  through  an  enhancement  of  the  mean 
meridional  circulation. 

e Interhemispheric  Asymmetry 

Another  observed  phenomenon  which  may  provide  a test  for  the  model's  ability  to  simulate 
radiative-dynamical  interactions  is  the  interhemispheric  asynwnetry  in  the  observed  lower 
stratospheric  temperatures.  The  difference  between  the  observed  zonally  averaged  mean 
temperatures  in  the  two  hemispheres  in  corresponding  months  is  reproduced  from  Van  Loon 
et  al.  (1972)  in  Figure  2-12.  Several  suggestions  (sometimes  contradictory)  have  been  put 
forward  to  explain  the  very  low  Antarctic  winter  temperatures  in  the  lower  stratosphere.  For 
example,  Wexler  et  ai.(1960)  suggests  weaker  meridional  exchange  of  air  in  the  Antarctic, 
while  Schumacher  (1955)  indicates  the  reduced  9,6  u m O3  heating  In  the  Antarctic 
(since  surface  emission  is  much  lower  there)  as  the  reason  for  the  colder  Antarctic 
stratosphere.  Note  from  Figure  2-12,  however,  that  maximum  interhemispheric  differences  in 
surface  heating  occur  in  fall  whereas  maximum  interhemispheric  differences  at  100  mbar 
occur  in  spring.  Basically,  there  is  a significant  change  in  the  seasonal  phase  of  the 
interhemispheric  asymmetry  from  the  surface  to  100  mbar.  The  slightly  warmer  100  mbar 
Antarctic  temperature  in  summer  can  probably  be  attributed  to  stronger  solar  heating,  since 
the  summertime  solar  insolation  in  the  Southern  Hemisphere  is  larger  by  several  percent  than 
that  in  the  Northern  Hemisphere.  The  much  colder  temperatures  during  the  rest  of  the 
season  can  be  attributed  to  the  smaller  surface  radiation.  However,  we  must  invoke 
dynamical  interactions  to  explain  the  strong  seasonal  variation  in  the  interhemispheric 
asymmetry.  In  short,  it  is  a problem  of  troposphere-stratosphere  radiative-dynamical 
interactions.  GCMs  (Manabe  and  Mahiman,  1976)  are  able  to  reproduce  asymmetry  to  the 
extent  that  the  lower  stratosphere  Southern  Hemisphere  is  colder  than  the  Northern 
Hemisphere  but  the  seasonal  phase  of  the  asymmetry  shown  in  rigure  2-12  has  still  not  been 
satisfactorily  simulated.  Interhemispheric  asymmetries  in  planetary  wave  activity  (e.g., 
asymmetries  in  stationary  and  transient  waves  as  well  as  in  the  structure  of  stratospheric 
warmings),  radiative  heating,  and  ozone  distribution  among  several  others  probably  play  a 
crucial  role  in  the  observed  stratospheric  features  in  Figure  2-12.  Since  these  features 
influence  the  transport  of  trace  constituents  and  their  interhemispheric  asymmetries,  it  is 
important  to  simulate  these  features  in  our  models  (see  Mahiman  et  al.,  1960). 

Coupling  Between  Temperature  and  ():onc  Changes 

Several  of  the  chemical  reactions  that  contribute  to  the  neutral  chemistry  of  the  stratosphere  are 
strongly  temperature  dependent.  The  net  effect  of  this  temperature  dependence  is  to  cause  a 
negative  correlation  between  temperature  and  ozone  changes  in  regions  of  the  stratosphere 
where  dynamical  effects  on  ozone  distribution  are  not  great,  e.g.,  upper  stratosphere  during 
summer  or  at  low  latitudes.  This  effect  is  of  importance  in  understanding  the  natural  variability 
of  the  stratosphere.  For  example,  changes  in  temprerature  due  to  natural  variation  would  induce 
O3  variations  and  vice  versa.  It  is  also  possible  that  the  coupling  between  temperature  »id 
ozone  helps  control  the  summer-to-winter  temperature  changes  in  the  upper  stratosphere.  In 
order  tc  understand  the  importance  of  this  process  we  need  a GCM  simulation  of  and 
temperature  distribution  with  and  without  radiative-photochemical  coupling. 

R ad  iativ«-C  hem  icai -Dynamical  Coupling 

As  can  be  inferred  from  the  preceding  discussions  on  radiative- dynamical  and  radiative-chemical 
interactions,  the  three  processes,  viz  radiation,  chemistry,  and  dynamics  are  mutually  interactive. 
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SURFACE  TEMPERATURE  DIFFERENCE  500 mtoar  TEMPERATURE  DIFFERENCE  100 mbw  TEMPERATURE  DIFFERENCE 


Figure  2-12.  Difference  (degree  centigrade)  between  the  zonaMy  averaged  mean  temperature  in  the  two  hemispheres 
in  corresponding  months  (shaded  where  SH  is  warmer);  (a)  surface  air,  (b)  500  mbar,  and  (c)  100 
moar  (from  Van  Loon  et  al.,  1972). 


The  role  of  these  interactions  on  the  observed  stratospheric  climate  ntieds  to  lx*  assessed  quanti- 
tatively. We  need  to  explore  the  problem  with  two-  and  three-dimensional  coupled  nvjdels.  What 
is  urReiitIv  needed  are  simplified  and  computationally  efficient  procedures  for  incorporatinjt 
important  aspects  of  the  neutral  chemistry  of  the  stratosphere  in  these  rxjdels. 

Simulation  of  upper  troposphere/lower  stratosphere  water  vapor  distribution,  including  cirrus 
clouds,  is  especially  important  because  the  II2D  distribution  in  this  region  of  the  atmosphere  is 
determined  by  the  following  interactive  processes:  (a)  troposphere-stratosphere  dynamical  inter- 
actions through  propagating  planetary  waves  and  exchange  of  mass  through  synoptic  scale 
events;  (b)  at  the  tropical  tropopause  level  tlie  IK  cooling  (or  heating)  of  water  vapor  and  cirrus 
clotds  play  a crucial  role  in  determining  the  ^onal  inean  temperatures.  In  turn,  the  stratospheric 
U2O  is  influenced  by  tropical  tropopause  temf>eratures  through  the  'cold  trap'  mechanism;  and 
(c)  I urtherinore,  O3  solar  and  IK  lieating  strongly  control  tropopause  temperatures  (excepting  the 
winter  polar  regions).  \s  a result  of  (b)  and  (c)  alxjve,  there  1.  a complex  interactitvi  between 
the  O3  distribution  and  stratospheric  l(2<7  budget. 

With  regards  to  the  O3  distribution,  simulating  thie  vertical  distribution  is  as  imfx»rtant  as 
simulating  the  total  O3  since  the  level  of  radiative  energy  (both  solar  and  IK)  deposition  is  quite 
dependent  on  tlie  vertical  O3  distribution. 

It  should  be  prjinted  out,  however,  that  there  might  he  several  other  trace  constituents  which 
an?  rmre  important  than  the  ones  discussed  above  ai  indicators  of  a moffel's  success  in  cap- 
turing the  essence  of  atmospheric  chemistry,  hut  the  constituents  and  processes  described  alxnve 
are  some  of  tfie  best  indicators  of  the  model’s  ability  to  simulate  coupled  phenomenon.  ^Icdels 
which  couple  radiative,  dynamical  end  chemical  processes  are  also  valuable  for  estimating  effects 
of  stratospheric  chemistry'  on  tropospheric  climate  which  is  the  subject  of  tire  next  section. 
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Efftctt  on  Tropoiphtric  Clbnoto 

The  Absorption  of  solar  radiation  and  tropospheric  IR  ratftation  by  the  stratosphere  as  well  as 
the  downward  IR  emission  by  the  stratosphere  helps  modulate  the  solar  and  IR  radiation  inci- 
dent on  the  troposphere  «id  thus  the  stratosphere  influences  tropospheric  climiAe.  The  masni- 
tude  of  the  various  solar  and  IR  processes  is  shown  in  Figure  2-13  from  Rmianathan  and 
Dickinson  (197Ba)«  One  of  the  interesting  results  in  this  figure  is  that  the  stratospheric 
absorption  of  IR  radiation  (emitted  by  the  troposphere)  is  twice  as  larp  as  its  solar  absorption. 
Furthermore,  the  net  effect  of  the  stratosphere  on  the  troposphere,  computed  by  taking  the 
difference  of  downward  IR  emission  and  the  reduction  in  solar  radiation  (caused  by 
stratospheric  absorption)  reaching  the  troposphere,  is  to  cause  a radiative  heating  of  the 
troposphere  by  about  10  W m'^.  Based  on  tl  e sensitivity  of  present  climate  models,  10  W m"^ 
radiative  heating  would  cause  a significant  global  surface  warming  of  about  S*K.  The 
troposphere-stratosphere  radiative  coupling  can  be  altered  by  natural  as  well  as  mthropogenic 
factors. 

Natural  Factori- 
se will  give  two  examples  in  this  cat^ory.  During  sudden  st  atospheric  warming  events,  there  is 
an  enhancement  in  the  downward  IR  emission  into  the  polar  troposphere  (Ramanathan,  1977). 
The  magnitude,  of  course,  depends  on  the  strength  of  the  stratospheric  warming.  The  enhanced 
IR  emission  not  only  warms  the  troposphere  but  also  reduces  the  pole-to-Equator  gradient  in 
radiative  heating. 
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(from  Ramanathan  and  Dickinson,  1978). 
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Changes  in  stratospherk:  O3  due  to  alterations  in  stratospheric  chemistry  by  events  such  as  solar 
proton  events,  cydicai  changes  in  solar  UV  output,  and  natural  variability  in  the  dynamics  would 
inr^MCt  tropospheric  climate  in  several  ways:  the  solar  radiation  im:ident  on  the  troposphere 
would  be  altered;  the  downward  IR  emission  by  O3  in  the  9.6  m region  would  change  with  a 
change  in  O3;  and  the  resulting  change  in  stratospheric  teir^scratures  would  dter  the  downward 
IR  emissiof'  by  H2O  and  C02* 

In  addition  to  this  radiative  coupling  between  troposphere  and  stratosphere,  there  is  also  the 
possibility  ov  dynamical  coupling  through  plan^aiy  waves  as  was  originally  suggested  by  Hines 
(1974).  Since  large-scale  planetary  waves  are  known  to  propagate  some  of  their  energv'  upward 
from  the  t.oposphere  through  the  stratosphere  in  winter,  Hiiies  (1974)  suggested  that  changes  in 
stratospheric  winds  and  temperatures  could  affect  the  transmission-reflection  properties  of  the 
stratosphere  to  the  planetary  waves  that  are  forced  in  the  troposphere  by  airflow  over  surface 
topo^aphy  and  the  uonuniform  (tstribution  of  diabatic  heating.  Rates  (1977)  and  Celler  and 
Alpert  (1980)  have  looked  at  what  changes  in  tropospheric  planetary  waves  might  result  if  the 
forcing  for  these  waves  remains  constant,  but  there  is  a change  in  the  zonal  mean  wind  and 
temperature  structure  in  the  stratosphere.  Bates  (1977)  found  that  dramatic  changes  ir  the 
northward  flux  of  sensible  heat  resulted  from  changes  in  stratospheric  structure.  Geller  and 
Alpert  (1980),  using  a somewhat  mr  c realistic  model,  found  that  the  stratospheric  structure  had 
to  be  altered  below  about  35  km  before  any  significant  changes  in  the  structure  of  tropospheric 
planetary  waves  were  found.  Their  calculations  did  indicate;  however,  that  changes  in  zonal  mean 
s.ratospheric  winds  beneath  35  km  gave  rise  to  significant  changes  in  tropospheric  planetary 
wave  structure  given  fixed  forctr.s  for  these  waves.  It  should  te  note<t  however,  tha  in  still 
more  rei.'istic  models  by  Schoeberl  and  Strobel  (19^b)  and  Pels  et  al.  (1980)  in  which  they 
explored  the  consequences  of  uniform  column  decreases  of  ozone  that  no  significant  change  in 
p anetary  wave  structure  was  detected.  These  results  appear  to  be  consistent  with  the  results  of 
Gelle'  and  Alpen  (1900)  since  the  zonal  wind  structure  did  not  show  the  necessary  changes 
below  35  km  in  either  of  these  models.  Thus,  planetary  wa/^  coupling  from  the  troposphere  to 
the  stratosphere  should  be  considered  as  a possible  means  of  coupling  tropospheric  weather  and 
climate  to  changes  in  the  stratosphere,  but  only  if  some  factor  causes  significant  alterations  in 
the  stratospheric  zonal  wind  structure  at  altitudes  below  35  km. 

Anthropogenic  I'actors 

Radiat'vely  and  chemically  active  trace  gases  are  being  injected  into  the  atmosphere  as  a result  of 
human  activities  and  these  gases  perturb  the  photochemical  and  radiative  energy  balance  of  the 
tarth-atmosphere  system.  Furthermore,  tlie  two  processes,  viz,  photochemistry  and  radiation,  are 
strongly  coupled,  and  hence  realistic  estimates  of  the  climatic  effects  of  human  activities  must 
be  made  with  models  that  account  for  the  coupling  between  climate  and  photochemistry.  The 
coupled  n:lure  of  the  problem  is  illustrated  in  Figure  2-14. 

The  injection  of  trace  gases  COj.  CH4,  N2O,  and  CFCs  which  hav<e  strong  IR  bands  can  directly 
warm  the  surface  by  enhancing  the  atmospheric  "greenhouse"  effect;  while  CO,  CH^,  and  NO 
injection  can  warm  the  climate  indirectly  by  enhancing  the  production  of  tropospheric  O3.  In 
addition,  injection  of  CFC  catalytically  destroys  O3  in  the  stratosphere,  and  the  resultant  alter- 
ation in  troposphere-stratosphere  radiative  coupling  perturbs  the  tropospheric  climate,  't  is 
important  to  resolve  the  climatic  effeas  of  these  various  constituents  since  in  some  cases  the 
effect  of  some  of  the  constituents  is  one  of  compensation  while  others  are  additive.  For  exam- 
ple, both  CO2  increase  and  the  reduction  in  O3  due  to  CFCs,  cool  tfie  stratosphere  by  about  the 
same  magnitude.  The  IR  absorption  by  the  CFCs  warms  the  troposphere  which  mav'  be  somewhat 
compensated  by  the  accompanying  O3  reduction. 
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Modeling  attempts  at  estimating  the  future  climate  changes,  due  to  the  anthropogenic  emissions 
showi  in  Figure  2-14,  are  subjected  to  a large  range  of  uncertainty  resuitkrg  from:  photochemical 
and  climate  rnpdeiing  uncertainties;  possible  large  errors  in  estimates  for  the  natural  sources  and 
sinks  for  the  trace  species;  and  finally,  uncertainty  in  the  scenarios  for  future  increase  in 
emission  rates  for  these  trace  pses.  These  rAffkultles  notwithstanding,  the  practical  importance 
of  the  problem  clearly  dictates  that  we  make  serious  attempts  at  unraveling  the  role  of  various 
anthropogenic  trace  constituents  on  the  climate.  However,  such  attempts  ultimately  must  be 
made  with  morkis  th«  account  for  the  coupling  between  radiation,  chemistry  and  dynamics. 


CLMATICNIMCAE  (NTIAACTAMI  OUt  10  TflACf  QA$U 


Figure  2-14.  Climate-chcmical  interactions  due  to  trace  gases  {from  Ramanathan.  1981a  b). 

COUPLING  OF  MODELS  AND  OBSERVATIONS 
Inti’ockiction 

In  the  past  20  years,  emphasis  in  atmospheric  nvdeling  ha.s  increased  considerably.  The  physi- 
cally "complete*  and  comprehensive  general  circulation  models  have  demonstrated  a steady 
growth  in  reliahility  and  sophistication.  A by-product  of  this  growth  is  the  demand  for  even 
more  complete  observations  to  test  these  model  simulations.  Although  the  simulations  are  far 
from  perfect,  there  are  now  a number  of  physical  processes  and  regions  of  the  atrrrosphere  in 
which  the  "best  data"  ayailable  is  that  proyided  by  such  comprehensive  models.  This  suggests 
that  it  is  now  time  for  the  use  of  this  type  of  model  to  play  a more  active  role  in  providing 
information  to  aid  in  the  design  of  various  observational  prograriis.  There  are  at  least  three 
approaches  already  being  explored: 

1.  Model  output  provides  information  on  where  and  how  often  to  measure.  Part  of  the  infor- 
mation gained  is  used  to  test  the  model  itself.  This  new  information  leads  to  possible 
improventents  in  model  design  and  input. 

2.  Model  output  is  used  to  insert  model  data  into  real  or  hv'pothesired  <nworks.  Some  of  the 
network  biases  due  to  various  errors  or  sampling  limitations  can  titen  be  evaluated.  In 
turn,  bias  of  the  model  data  relative  to  actual  network  data  can  be  evaluated. 
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3.  In  some  models  which  forecast  the  short-term  future  atmospheric  structure,  observational 
data  is  injected  directly  into  the  model  on  a real-time  basis.  Thus,  the  model  data  and 
observational  data  co-exist  In  the  model  to  produce  a more  realistic  analysis. 

In  the  following  sections,  examples  will  be  presented  of  the  applicability'  of  various  research 
efforts  to  approaches  (1)  and  (2).  To  date,  appri>ach  (3)  has  not  been  applied  to  middle  atmo- 
spheric problems,  although  efforts  to  do  so  appear  to  be  beginning  in  both  England  and  the 
United  States.  The  current  status  of  the  use  of  observations  to  evaluate  comprehensive  models 
also  will  be  reviewed. 

Model  Guidartce  for  Measurements 


In  this  section  we  explore  the  (x>tential  for  comprehensive  models  to  indicate  what  might  lie 
expected  to  be  measured  for  a particular  quantity  at  a particular  place.  This  capability  is 
especially  meaningful  in  situations  where  seldom-measured  quantities  are  involved. 

(iio/m/  Structurr  of  Traev  Cotistituents 


A good  example  of  such  a quantity  is  atmospheric  N2O,  a substance  of  fundamental  importance 
for  understanding  the  chemistry  of  ozone  destruction  paths.  Figure  2-15  shows  seasonal  zonal- 
mean  cross  sections  of  N2O  mixing  ratio  and  longitudinal  relative  (percent)  standard  deviation 
taken  from  the  3-D  model  simulation  of  Levy  et  al.  (1979).  Note  that  although  N2O 
concentrations  are  relatively  uniform  in  the  troposphere,  significant  meridional  and  vertical 
gradients  are  predicted.  In  addition,  N2O  is  predicted  to  exhibit  a longitudinal  standard  deviation 
of  greater  than  5%  in  thi'  stratosphere.  Such  results  thus  predict  the  amount  of  sampling 
required  to  separate  out  the  variability  from  the  average  values.  (Note  that,  in  this  discussion, 
this  3-l>  motk*l  is  being  used  as  an  indicator  of  N->0  variability.  It  is  not  being  used  to  test 
agiiinst  the  observed  distribution  of  N2U.) 


Figure  2 1b. 
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On  the  left  are  winter  and  summer  cross  sections  of  zonal  moan  N2O  mixing  ratios  (parts  per 
million  by  volume)  Note  smaller  contour  interval  in  the  dark  shaded  area  On  the  right  are 
winter  and  summer  zonal  mean  cross  sections  of  O longitudinal  relative  (percent)  standard 
deviation.  (From  Levy.  Mahiman,  and  Moxim,  1979). 
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Later,  as  more  comprehensive  modeling  expwiments  become  st^cessfuf,  such  guidance  will  be 
expanded  to  a much  wider  vari^  of  trace  constituents,  in  the  meantime,  results  of  modeling 
and  observation  of  N2O  can  prove  to  be  of  value  in  planning  measurements  of  other  long-lived 
source  gases. 

Local  Structure  of  Trace  Constituertts 

It  Is  well  known  that  ozone  is  characterized  by  considerably  stronger  vertical  and  meridional 
gradients  than  those  shown  in  Figure  2-15  for  N2O.  Associated  with  this,  the  3-D  ozone 
simulation  of  Mahiman  et  al.  (1980)  predicts  longitudinal  relative  standard  deviations  as  large  as 
40%.  This  model  also  predicts  temporal  relative  standard  deviations  of  similar  mi^itude  in  the 
mid-latitude  lower  stratosphere.  These  predicted  magnitudes  are  somewhat  less  than  found  in 
aaual  ozone  observations  in  each  hemisphere  by  Putsch  (1%9,  1974)  and  Pittock  (1977).  There 
may  be  no  incorrpatibility  in  these  results,  however,  if  the  contributions  to  the  variability  on 
space  and  time  scales  below  those  resolved  by  the  3-D  model  were  to  be  removed  from  the 
observational  data.  This  is  a point  which  must  be  addressed  in  any  comparison  of  measured  data 
structure  against  that  of  model  data.  On  the  other  hand,  the  measured  quantities  should,  if  at 
all  possible^  have  most  of  the  artificial  variability  due  to  sampling  or  measurement  error  removed 
from  the  record  before  attempting  to  compare  aganst  nxxlel  data.  Normdiy,  this  would  be 
accomplished  by  redundant  sampling,  at  least  until  the  known  error  structure  is  identified. 

While  the  large  variability  of  ozone  is  well  appreciated,  it  is  less  recognized  that  other 
stratospheric  trace  constituents  such  as  total  odd  nitrogen  or  total  odd  chlorine  (or  possibly 
their  major  'reservoir*  subspecies)  should  exhibit  similar  structure  and  variability  in  the  lovrer 
stratosphere.  In  fact,  the  variabilities  of  these  heretofore  unmeasured  tracers  probably  will 
correlate  so  highly  with  ozone  itself  in  the  lower  stratosphere  that  well  designed  programs  to 
observe  these  constituents  should  exploit  this  in  their  planning. 

A related  point  concerns  the  spatial  scales  over  which  this  longitudinal  tracer  variability  is 
distributed  in  the  atmosphere.  For  example  in  contrast  to  the  usually  available  meteorological 
variables  such  as  geopoteniial  height,  wind,  or  temperature,  the  GFIX  3-D  tracer  model  predicts 
that  tower  stratospheric  tracers  should  exhibit  considerable  variability  on  scales  normally 
regarded  to  be  'small'  for  the  stratosphere.  The  model  predicts  significant  power  in  planetary 
wavenumbers  6 to  10  and  a relatively  'flat'  speclriim  out  in  the  higher  wavenumbers  (Mahiman, 
1975).  The  TOMS  data  also  shows  ozone  variabilio/  on  spatial  scales  that  are  associated  with 
upper  tropospheric  variability  rather  than  with  those  of  the  stratosphere  (Krueger,  personal 
communication). 

Instantaneous  model  information  about  horizontal  spatial  structure  of  this  kind  rr.ight  be  used  to 
anticipate  the  expected  structure  to  be  encountered  in  an  aircraft  measurement  program.  In 
particular,  a nwdei  prediction  of  the  character  of  the  data  to  be  expected  (or  reriuired)  might 
shift  attention  toward  a more  important  set  of  unanswered  questions  than  would  otherwise  be 
addressed. 

It  should  be  noted  also  that  lower  stratosphere  quasi-conservative  tracers  such  as  ozone  and 
total  odd  nitrogen,  or  total  odd  chlorine  must,  in  addition,  exhibit  high  local  correlations  with 
the  potential  vorticitv'  (^nd  to  a lesser  degree,  potential  temperature).  This  was  shown  by  Hering 
(1966)  and  Danielsen  et  al.  (1970)  from  comparisons  with  ozone,  and  by  Mahiman  and  Moxim 
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(1978)  using  the  GFDL  3-D  tracer  model*  This  fact  can  aid  measurement  Interpretation  by 
providing  a means  for  assessing  which  parts  of  tlw  measured  variability  are  real  and  which  are 
due  to  experimental  error. 

Use  of  the  Data  Obtained 

Finally,  once  model-consistent  data  sets  have  been  obtainer^  such  data  should  be  compared 
against  the  equivalent  'data*  from  the  models.  If  they  agree,  then  we  m^ht  regard  that  portion 
of  theory  and  observation  to  be  'well  understood*.  However,  in  ^neral  we  can  expect  that  such 
comparisons  will  lead  to  points  of  significant  disagreement  between  theory  and  observation. 
Thus,  observation  or  theory  (or  both)  might  be  wrong.  It  is  at  this  point  that  potential  for 
further  progress  exists.  The  nature  of  the  discrepancy  may  or  may  not  immediately  suggest 
possible  avenues  for  improvement.  Nevertheless,  an  ‘improved*  version  of  the  theory  must 
eventually  emerge  and  the  process  begins  anew,  either  with  existing  or  'new  and  improved*  data. 

Model  Evaluation  of  Observational  Networks 

Here  we  summarize  some  examples  which  use  models  to  provide  evaluations  of  current  obser- 
vational networks.  In  these  examples,  model  information  is  considered  at  only  the  locations 
corresponding  to  those  of  the  network  stations  under  consideration.  The  statistics  inferred  from 
that  subset  of  points  are  then  simply  compared  with  the  complete  set  available  frcKtt  all  the 
model  points.  (Much  of  the  material  in  this  section  has  been  adapted  from  Mahiman,  197V). 

Surface  Total  0:one  Network 

The  first  example  is  taken  from  the  'Simple  Ozone*  experiment  of  Mahiman  et  al.  (1980).  In  this 
study,  model  total  ozone  'data*  are  used  to  evaluate  the  capability  of  the  active  and  reliable 
parts  of  the  surface  total  ozone  network  for  determination  of  global  and  hemispheric  means  and 
trends.  A sample  calculation  is  presented  in  Figure  2-16,  taken  from  the  analysis  of  Moxim  and 
Mahiman  (1900).  This  figure  shows  that  the  network  underestimates  the  Northern  Hemisphere 
model  total  ozone,  while  it  overestimates  in  the  Southern  Hemisphere. 

In  that  study,  it  was  shown  that  global  annual  trends  estimated  from  2 months  separated  by  a 
year  can  be  several  percent  In  error  due  to  sampling  inadequacies.  Averaged  over  a year,  the 
sampling  bias  calculated  is  the  order  of  1%.  No  error  in  long  term  (e.g.,  10-year)  trend  estimates 
is  implied,  however,  unless  such  a trend  exists  in  tropospheric  wave  patterns.  Also,  that  study 
addresses  the  possible  improvements  to  be  realized  if  the  rietwork  density  were  to  be  increased. 
SiK;h  evaluations  may  aid  in  the  future  design  of  networks  in  a more  effective  manner. 


Meteorological  Rawinsondc  Networks 

In  a different  type  of  study,  Oori  (1978)  examined  t!v.’  capability  of  the  global  rawinsonde 
network  to  sample  various  meteorological  statistics  of  inrpurtance  in  the  atmospheric  circulation 
by  using  the  general  circulation  model  of  Manabe  et  al.  (1974)  and  Manabe  and  Mahiman  (1976). 
Although  that  study  indicates  that  the  rawinsonde  network  gives  an  excellent  portrayal  of  many 
quantities,  in  other  cases  significant  distortions  were  found.  Most  nctable  are  the  following: 
serious  errors  in  the  Southern  Hemisphere  mean  meridional  circulation;  a bias  toward  over- 
estimation of  the  tropical  easterlies  in  the  upper  troposphere;  and  a significant  network 
underestimation  (30%)  of  the  Northern  Hemisphere  stationary  eddy  kinetic  energy. 
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Figure  2-16.  Model  estimation  of  the  percentage  error  in  measuring  global  and  hemispheric  means  of  total 
ozone,  as  determined  from  a realistic  53  station  network  (from  Moxim  and  Mahiman,  1980). 

Satellite  Networks 

Although  no  studies  of  this  type  addressing  satellite  data  have  yet  been  performed,  the  value  of 
such  analyses  could  be  extremely  high.  Such  a rnodel- oriented  satellite  network  analysis  could,  in 
principle,  achieve  much  rnore  than  just  evaluation  of  the  data  'holes’  due  to  limited  longitudinal, 
vertical,  and  temporal  sampling.  For  example,  systematic  analyses  could  be  perfonned  on  the 
impact  of  the  required  diagnostic  relationships  which  must  be  imposed  to  obtain  a 'complete* 
meteorological  data  set.  These  requirements,  of  course,  arise  from  the  unavailability  of  direct 
wind  measurements  with  current  remote  sensing  technology.  Thus,  ‘winds*  must  be  inferred  from 
geostrophic  (or  possibly  higher  order)  balance  relationships.  By  exploring  the  errors  introduced 
by  using  these  di<^nostic  relations  of  the  'data'  from  a reasonably  comprehensive  GCM,  we 
might  learn  in  a clearer  rrwnner  what  important  processes  are  being  omitted  or  distorted  by  such 
data  limitations. 

Use  of  Observational  Data  to  Evaluate  Models 

It  has  long  been  recognized  that  our  'theoretical'  understanding  of  atmospheric  structure  is 
strongly  guided  by  the  availability  of  observations.  A fairly  recent  example  of  this  is  given  by  the 
drastic  decrease  in  the  number  of  competing  theories  about  the  stratospheres  of  our  neighbor 
planets  now  that  improved  observations  are  available. 

lodgements  about  the  skill  of  comprehensive  models  are  always  based  upon  the  level  of  agree- 
ment of  model  statistical  propefties  with  corresponding  properties  of  the  actual  atmosphere. 
We,  of  course,  are  reduced  to  comparing  statistical  properties  because  no  two  instants  in  the 
atmosphere  (suitably  separated  in  time)  are  very  much  alike,  let  alone,  say,  modei  and  actual 
atmosphere  on  a given  calendar  date.  Such  statistical  comparisons  are  continuing  to  he  more 
elaborate  as  our  observations  and  models  continue  to  improve.  Here  we  list  some  of  the  types 
of  atmospheric  statistics  which  have  been,  or  will  be,  useful  for  evaluating  models. 
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Zotui-Time  Mems  of  Various  Qaantit^ 

Traditionally,  this  has  been  the  most  popular  way  to  present  model  and  observational  data.  For 
models,  the  motivations  for  this  choice  is  dear.  On  the  other  hand,  for  observational  presenta- 
tions, this  choice  is  not  obvious,  as  massive  amounts  of  data  must  be  assembled  and  reduced  to 
provide  such  information.  Fortunately  for  the  basic  meteorologies  variables  (U,V,Z,T),  this  has 
been  accomplished  for  the  troposphere  and  lower  stratosphere  (e.g.,  Oort  «td  Rasmussen, 
1971).  For  the  middle  and  upper  stratosphere  regions,  definitive  climatologies  have  yet  to  be 
established.  However,  important  contributions  are  available  (e.g.,  Newell,  1968).  In  some  cases 
this  deficiency  appears  to  be  more  due  to  lack  of  sustained  analysis  effort  than  to  lack  of  data. 
Clearly,  the  satellites  hold  tremendous  potential  for  filling  these  data  gaps. 

T raditionally,  the  most  useful  zonal-mean  quantities  to  determine  have  been  those  of  the  basic 
variables,  their  variances  and  various  'eddy*  covariances  — usually  those  related  to  meridional 
and  vertical  transport  of  various  fundamental  quantities.  Such  statistical  quantities  will  continue 
to  be  useful  as  long  as  we  can  foresee  into  the  future. 

Less  common  zonal-mean  qiuintities  which  will  receive  greater  attention  in  the  future  are 
distributions  and  fluxes  erf  conceptually  important  quantities  related  to  energy,  vorticity, 
potential  vorticity,  enstrophy,  potential  enstrophy,  quadratic  tracer  properties,  wave  action,  etc. 
In  some  cases  such  higher  order  c^antities  may  be  extremely  difficult  to  retain  directly  from 
observations. 

Another  useful  way  to  prepare  data  along  a latitude  circle  for  model  a>mparison  or  (E^nostic 
understanding  is  to  present  power  spectra  or  zonal  hsvmonic  decompositions.  This  gives  us 
information  about  the  scale  of  the  cfisturbances  found  there.  Needless  to  say,  such  spectra,  in 
addition  to  the  above  zonal  mean  quantities,  provide  >^iy  stringent  tests  for  a comprehensive 
simulation  model. 

Horizontal  fx-yj  Fields  of  Various  Quantities 

Considerable  increases  in  our  understanding  of  the  structure  of  the  atmosphere  can  be  gained 
through  presentation  of  various  features  in  horizontal  map  form.  Again,  this  is  not  only  for  time 
means  of  the  basic  quantities,  but  for  <^her  temporal  statistical  properties  such  as  transit'’^*: 
variances,  rel^ive  standard  deviations,  and  covariances  (fluxes).  Also,  additional  useful  infor- 
mation can  be  learned  simply  from  presentation  of  successive  maps  of  instantaneous  structure. 
This  is  a surprisingly  useful  test  for  a comprehensive  model  simulation  which  is  not  covered  by 
any  small  set  of  statistical  quantities.  In  other  words  if  the  model  instantaneous  fields  do  not 
lo(^  reasonable  relative  to  observed  instantaneous  fields,  the  model  is  probably  deficient  even  if 
other  statistical  quantities  appear  to  match  reasonably  well. 

Time  Series  Statistics 

It  is  very  well  known  that  the  atmosphere  displays  variations  on  every  time  scale  that  has  been 
sampled.  Thus,  time  variability  provides  another  important  observational  constraint  on  the 
validity  of  a comprehensive  model  simulation. 

For  convenience,  we  normally  divide  this  atmospheric  temporal  variability  into  regular  and 
irregular  parts.  The  only  r^ular  parts  that  can  be  accepted  without  controversy  appear  to  be  the 
diurnal  and  annual  cycles.  There  also  appear  to  be  some  regular  phenomena  which  are  parasitic 
on  the  diurnal  and  annual  radiative  forcing.  Obviou'i  examples  of  these  are  the  semidiurnal  tide 
and  the  semiannual  oscillation. 
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Tlwre  is  an  intermettt^  class  of  qtiasi-r^ular  phenomena  whteh  for  some  time  interns 
iv^uiar,  but  do  not  mchibit  sharp  spectril  'spNcM*  for  con^>^  racwds.  Exan^>bs  of  this  class 
ma^  be  the  quasi-bi«inial  oscillation,  ttrtain  wsMC-tike  phenomena,  «ui  the  tro^spheric  *indmt 
cycle*.  Also  in  this  intermediate  class  are  phenomena  which  are  suspected  to  be  periodic,  but 
not  oonciusiveiy  demonstr^ed*  The  obvious  tKan^ttes  of  potential  lei^wMe  to  under- 
standing the  stratosphere  aw  the  so-called  11-  wid  22-year  sunspot  cycles*  RescMutkn  of  this 
controversy  is  essential  for  predi^ing  and  monitoring,  m well  as  for  modeling  the  ^ratosphere* 

Findly,  the  observations  indicate  a iaiie  elms  of  phenomena  which  rmi^  be  classified  as 
irregular.  Examples  include  the  lower  stratospheric  remnants  of  tropospheric  cyclonic 
disturbances,  episodic  plan^ry  waves,  tropospheric  bfocking  antteycloiws,  sudden  wwminp  «id 
coolings,  spring  circulation  reversal,  interannuai  variability,  etc.  in  each  case,  such  phenomena 
exhibit  considerable  spatial  and  temporal  coherence  in  spite  of  their  lack  of  pwdictable 
variability. 

In  view  of  this  richness  of  temporal  structuw  dsplayed  by  the  atmosphew,  suit^ly  prepared 
time  series  (or  time-height  cross  sections)  provide  very  powerful  tests  for  compwhensive 
models.  This  is  a point  that  appears  to  have  gone  unrecognized  and  tmexploited.  This  arose 
partly  due  to  the  great  errq>hasls  given  to  our  need  for  global  d^  s^  and  partly  because  our 
models  and  con^Buting  capabilities  have  only  begun  to  be  strong  enough  to  focus  on  extmded 
temporal  behavior. 

In  a sense  it  seems  unreasonable  to  assert  that  local  time  series  can  provide  such  powerful  tests 
for  evaluations  of  a global  model.  However  the  very  richness  of  the  terr^soral  b^tavior  exhibited 
by  the  atmosphere  means  that  a corresponding  model  time  series  should  exhibit  similar  behavior. 
Thus,  in  a sense,  a sin^  time  series,  properly  obtained  and  properly  analyzed,  is  sufficient  to 
demonstrate  serious  inadequacies  in  a model  simulation. 

Obviously,  such  local  information  in  total  isolation  from  any  other  knowledge  would  be  of 
severely  limited  use.  However,  these  types  of  records,  when  interpr^ed  through  use  of  spatial 
information  should  see  significantly  increased  application  In  futuie  model  evaluation. 

Concluding  Remarks 

At  the  presemt  time,  it  is  well  known  that  many  stratospheric  phenomerta,  both  chemical  and 
dynamical,  have  not  yet  been  simulated  ki  comprehensive  models.  In  most  cases  we  have  reasons 
to  believe  that  the  simulation  capability  of  such  nxtdels  will  continue  to  improve,  although 
perhaps  at  a slower  pace  than  we  would  wish. 

On  the  other  hand,  there  are  many  aspects  of  model  behavior  that  have  neither  been  confirmed 
nor  discredited  by  existing  data  analyses.  In  sc-*^  cases  the  dtta  is  simply  unavailable.  In  other 
cases,  this  is  so  because  of  fundamental  lir  . ons  in  our  capability  for  analysis  of  observed 
data.  Examples  are:  energy  dissipation  rate^,  ..ub-scale  transfers;  chemical  sources  and  sinks, 
etc. 

In  any  case,  future  progress  seems  to  depend  upon  a closer  and  more  productive  interactive 
cooperation  between  observational  and  theoretical  modeling  approaches  than  we  have  utilized  to 
date* 


MULTIDIM^QNAL  ASI*ECTSi  OtCm,  TeAPi^TUfS  f>m  mANSPORT  tm 


Tfumumi^rnME  coNsrnrmim 

INTRODUCTtOf# 

Much  of  the  meterfiA  In  this  section  has  been  adapted  from  Mahhnan  et  al.  (1981). 

Historically,  attention  was  focused  on  how  trace  constituents  a-e  transported  by  the  realization 
that  the  distribution  of  ozone  ostdd  mst  be  eniriained  soktiy  by  photiscttemicai  mechanisms  done 
(e*g.,  Dobson  and  Harrison,  1926).  After  esublishment  the  D^on  ozone  network,  MU^is 
of  the  measurements  buteMed  tiutt  mwtimum  ozone  column  mnounts  occurred  during  spring  tk 
iiigh  latitudes.  Furthermore,  day-to-day  variability  at  particular  stations  were  observed  and  were 
round  to  correlate  with  the  passage  of  surface  weather  systems.  For  the  next  several  decades 
nianerous  investigMors  devoted  considerable  effort  in  attempt  to  explain  observed  local  total 
ozone  coitaw)  variations  by  various  advective  «id/or  flux  divergence  schemes  (e.g.,  Dobson, 
1930;  Haurwitz,  1938;  Nkotet,  1946;  Craig,  1950;  Reed,  1950;  and  Normand,  1953). 

Emphasis  began  to  shift  toward  a global  perspective  of  transport  processes  with  the  advent  of 
nuclew  weapons  testing  in  the  atmosphere.  Corrcurrently,  a number  of  investigators  were 
suggesting  various  theories  for  a mean  meridional  circulation  which  would  act  to  trmsport 
ronstituents.  Diftsch  (1946)  proposed  a mean  meridionai  circulalkMi  with  sinkii^  mc^ion  in  the 
winter  h^isphere  as  a mnns  of  transporting  ozone  to  high  latitudes.  Brewer  (1949)  sunested  a 
mean  circulation  with  rising  motion  in  the  tropics  and  sinking  at  the  poles  would  be  consistent 
with  the  observed  'dry*  stratosphere.  Similar  hypotheses  for  a mean  meridional  circulMion  were 
advanced  by  Dobson  (1%6),  also  the  cakulirtions  of  Murgatroyd  and  Singleton  (1961)  gave  a 
consistent  result. 

Reed  and  julius  (1951)  proposed  a role  for  'eddy  motirms*  (zonaiiy  asymmetric)  in  the  transport 
process.  Various  other  researchers  contributed  to  the  concept  of  eddy  transport.  But  the  work 
of  Newell  (1%1,  1963a,  1936b,  1964,  1965)  represented  a major  arntribution  toward  an 
understanding  of  the  role  of  od^  fluxes.  For  exampkv  his  work  indicated  that  forced  transient 
eddy  motions  could  transport  both  heat  and  a tracer  poleward  in  a manner  consistent  with  the 
annual  mean  'reversed*  meridional  temperature  gradient  in  the  lower  stratosphere.  Later,  k was 
realized  that  the  stratospheric  transport  of  trace  constituents  occurs  through  the  combined 
interaction  of  the  mean  circulation  and  the  eddies  (e.g.,  Mahiman,  1966).  Hunt  and  Manabe 
(196B)  performed  general  circulation  model  simulations  which  showed  that  the  net  transport  of  a 
trace  constituent  (in  the  zonally-avera^  budget)  occurred  as  a residual  of  opposing  mean  ceil 
and  eddy  flux  convergences. 

Eliassen  and  Palm  (1%1)  and  Chamey  and  Drazin  (1%1)  had  previously  indicated  that  eddy  mo- 
tions do  not  necessarily  lead  to  a systematic  acceleration  of  zonal  mean  flows.  These  results 
were  successively  made  less  restrictive  by  Dickinson  (1%9),  Holton  (1974),  Boyd  (1976)  and 
Andrews  and  Mcintrye  (1976,  1978a,  b).  The  generalized  theorem  states  that  steady,  frictionless, 
adiabatic  waves  of  small  amplitude,  propagating  in  a basically  zonal  flow,  exert  no  net  effects  on 
the  mean  flow.  Rather,  such  waves  induce  meridional  circulations  at  second  order  in  wave  ampli- 
tude which  exactly  cancel  the  eddy  flux  convergences  due  to  the  waves.  Further  results  are 
available  for  finite  amplitude  disturbances,  but  must  be  given  in  terms  of  'Lagrangian  mean* 
quantities.  Note  that  no  pneral  results  of  this  kind  are  available  for  waves  propagating  in  basic 
states  which  already  include  violaticms  of  the  requisite  cxxiditions  for  'non-acceleration*  to 
hold.  A little  later,  various  authors  offered  arguments  indicating  that  'non-acceleration' 
osnditions  nMght  also  imply  'non-transport*  for  suitabH’  distributed  conservative  tracers  (e.g., 
Andrews  and  Mcintrye,  1978t»  "^rk  and  Rogers,  1978;  Wallace,  1978;  Plumb,  1979;  Holton,  1980a; 
Mahiman  et  al.,  1980;  Matsu  *;  Pyle  and  Rogers,  I960). 
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Ttw  above  develofmentt  pve  a more  rigorous  basis  for  the  dweonstrPed  connectiofi  between 
the  meridionat  circulation  and  edd/  transports  by  showing  that,  under  these  special 
circumstances,  the  induced  indirect  meridional  circulatkNi  is  a property  of  the  wave  field  itself. 
This  helped  pro^de  an  interpretation  of  the  mutually  compensifting  tracer  transport  crm^pnces 
found  in  the  numerical  simulations  of  Hunt  and  Mana^  (1%8)  as  well  as  those  found  by 
Mahlnuui  (1973),  Newson  (1974),  CunnoM  et  al.  (1975),  Mahiman  and  Moxim  (197b),  Schlesinger 
and  Mintz  (1979),  and  Mahiman  et  al.  (1960).  The  disappearance  of  this  a>mpen$ating  effect  when 
chemical  sources  and  sinks  are  strong  has  been  shown  in  the  above  studies  as  well  as  by  Hunt 
(1969)  and  Clark  (1970).  Mechanistk:  interpretations  of  this  effect  are  ^ven  in  Hartmann  and 
Garcia  (1979)  and  Garcia  and  Hartmann  (1^).  In  addition,  Mahlmm  and  Moxkn  (1978)  showed 
that  the  con^jensation  effect  (Aminishes  mark^ly  during  seasonal  transitions  in  middie  latitudes, 
and  most  of  the  time  in  lower  latitudes. 

Thus,  even  though  there  are  many  cases  in  which  the  traditional  partitioning  into  zonal  means 
and  eddies  gives  straightforward  results  there  are  many  others  where  more  enl^htened 
approaches  are  required*  Important  advanras  in  this  r^ard  were  provided  in  the  woiic 
Matsuno  (1972),  Uryu  (1974),  and  Andrews  and  McIntyre  (1976,  1978bi  which  demonstritted  the 
power  utilizing  Lagranpan  <Asplacements  (from  single  undisturbed  states)  for  pining 
anaiyticai  simplicity  and  physicd  understanding.  Using  these  ideas  Matsuno  (1972,  1960) 
emphasized  the  zorral  mean  diab^ic  heating  (Murptroyd  and  Singleton,  1961)  as  the  most 
fundamental  portion  of  the  meridional  circulation,  somewhat  analogous  to  that  supested  earlier 
by  Danielsen  et  d.  (1962).  The  utility  of  this  idea  was  demonstrated  by  Kida  (1977)  in  a 
simplified  CCM  which  calculated  extended  particle  trajectories.  The  point  was  clarified  by 
Dunkerton  (1978)  who  argued  that  the  motion  related  to  the  zonal  mean  diabatic  heating  may 
sen«  as  a good  approximation  to  the  'L^rangian  mean  circulation*  (the  averap  meridional  and 
vertical  drift  of  a nuitarial  tube  of  particles,  see  Matsuno  and  Nakamura,  1979).  On  the  other 
hand,  the  results  erf  Mahiman  ^ al.  (1980)  sugpst  that,  in  the  lower  stratosphere  at  least,  the  ef- 
fects of  eddy  diabatic  heating  are  important  contributors  to  the  Lagtangian  mean  cicrculation,  as 
well  as  to  the  dispersion  of  particles  about  that  mean.  In  that  study,  the  argument  was  bas>'d  on 
the  problem  of  determining  the  equilibrium  structure  of  the  meridional  slopes  of  tracer  isolines. 
The  very  significant  effect  of  dispersion  about  the  Lagrangian  mean  was  demonstrated  rather  dra- 
matically in  a study  of  |>article  trajectories  associated  with  a model  sudden  stratospheric 
warming  (Hsu,  1960).  As  will  be  argued  later,  proper  consieforation  of  such  dispersive  effect  is 
essential  for  obtaining  a quantitatively  correct  calculation  of  trace  constituent  structure.  A 
number  of  possibilities  and  problems  associated  with  application  of  Lagrangian  mean  concepts  to 
tracer  transport  problems  have  been  addressed  in  a perceptive  summary  by  McIntyre  (1960b). 

CHALLENGES  TO  THE  UNDERSTANDING  OF  TRANSPORT  PROCESSES  IMPLIED 
BY  THE  OBSERVED  BEHAVIOR  OF  TRACE  CONSTITUENTS 

With  the  preceding  brief  historical  perspective  of  the  trace  constituent  transport  problem  as  a 
background,  it  is  appropriate  to  draw  attention  to  particular  aspects  of  observed  characteristics 
of  tracer  behavior  that  present  a challenge  to  theoretical  formulations  of  transport  processes.  In 
addition,  they  impose  stringent  demands  upon  comprehensive  models  currently  being  used  to 
simulate  tracer  behavior. 

As  noted  earlier,  ozone  develops  a maximum  in  the  spring  high-latitude  bwer  stratosphere. 
Nixnerous  efforts  have  been  made  to  simulate  the  spatial  and  ten^oral  distribution  of  ozone. 
Cunnold  et  al.  (1980)  reported  long-term  simulations  of  ozone  conducted  with  a 
three-dimensional  quasi-geostrophic  model  with  interactive  chemistry.  Although  they 
successfully  simulated  some  aspects  of  the  observed  ozone,  the  nx>del  employed  a severely 
abbreviated  chemistry  and  transported  only  ozone  with  the  NO,^  distribution  specified.  Mahiman 
et  al.  (1960)  conducted  ozone  simulation  experiments  with  a general  circulation  model.  A 
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separ^  'off-liiM*  transport  model  was  used  together  uNth  a s^iiflad  ozmia  photochemistry  at 
only  the  top  ievd  (10  mbar)  of  the  mo<M*  hk»  faedtadc  from  tihi^lst:y  lo  d^iamla  was  aHoamd 
by  tMs  procedure*  This  experiment  dmnonstr^d  some  suoce^s  in  slnnflatifv  observed  <»CMie 
b^avlor*  Both  of  the  above  efforts  have  provided  some  ins^ht  into  tmnsp<Mt  processes^  but 
many  questions  cannot  be  answered  with  the  various  approximatlont  wd  constraints  inHx>sed  on 
models  of  these  types.  A comprehensive  three-dimenslond  model  with  fully  interactive 
radiation,  clwmistry,  and  dynamics  has  ym  to  be  deve^ied  for  numerous  reastms,  both  fwacticsi 
and  conceptual,  some  of  which  have  bem  mentioned  earlier  in  this  chapter. 

EaHy  measurements  of  rwiioactive  debris  from  nuclear  weapons  tests  showed  that  the  debris 
returning  to  the  troposphere  tended  to  be  concentrated  at  middle  latitudes  in  spring  (Machta, 
1^)*  Numerous  measurements  provided  estinMtes  of  residence  time  for  the  radioactive  nwtwial 
in  the  stratosphere  varying  between  15  months  and  5 years  (Libby,  1556;  Machta  and  List,  1%9; 
Feely  et  ai.,  1%6;  and  Telegadas  and  List,  1969).  Tetegadas  «id  List  (1969)  expMn^  the 
differences  In  residence  times  inferred  for  particular  debris  from  those  inferred  for  C^^02  *h« 
resulted  from  the  initial  deposition  of  at  nmch  Mghm  levels  by  l^h^yieid  thermcmuclear 
weap<M)  devk»s.  Mahlman  and  Moxim  (1978)  provided  theor^k:sd  substantiation  for  increasing 
residence  time  with  altitude  from  their  general  circulation  ^trat»r  model  slnniiatkms* 

A tendency  for  pronounced  meridiond  siopir«  of  zonal  rrman  isolines  is  observed  in  the  ozone 
cross  sections  presented  by  Hering  (1966)  and  the  radioactivity  cross  sections  presented  by 
Feeley  et  al.  (1'^)  and  Machta  et  at.  (1970).  Later  compilations  showed  a tendency  for  largest 
winter  radioactive  concentrations  tending  to  occur  near  6U  to  7(f  North  (Machta  and  Telegadas, 
1973). 

The  various  data  compilations  indicate  a steeper  meridional  slope  for  the  radioactive  tracer 
isolines  than  for  the  slope  of  zonal  mean  isentropic  surfaces*  Hering  (1966)  noted  that  zonal 
mean  ozone  correlated  well  with  zonal  mean  potential  vorticity  in  middle  high  latitudes. 
Danielsen  et  al.  (1970)  showed  thart  this  correlation  extends  as  well  Into  syrroptic  and  mesoscale 
features.  The  characteristic  slope  of  the  tracer  isolines,  the  winter  high  latitude  bulge,  and  the 
correlation  with  potential  vorticity  we<^  simulated  in  tho  model  experiments  of  Mahlman  and 
Moxim  (1978). 

Other  aspects  of  trace  constituent  behavior  can  be  valuable  in  assessing  the  validity  of  theories 
of  transport  processes.  Putsch  (1969,  1974)  and  Pittock  (1977)  have  presented  statistics  of  ozone 
temporal  variations  at  individual  stations.  They  showed  that  ozone  relative  stancUrd  deviations 
in  the  middle  latitude,  lower  stratosphere  are  larger  than  50%  in  both  hemispheres.  The  indivi- 
dual O3  profiles  show  a strongly  layered  structure  which  often  exhibits  strong  time  continuity 
(e.g.,  Breiiand,  1%7,  1968).  Using  special  observing  periods  in  the  North  American  Ozonesonde 
Network  and  trajectory  techniques,  Berggren  and  Labitzke  (1966,  1968)  and  Mahlman  (1970)  have 
deiived  daily  synoptic  maps  of  ozone  mixing  ratio.  Large  synoptic-scale  variations  of  ozone  are 
observed  in  the  maps  of  the  lower  stratosphere  with  maximum  values  in  the  long  wave  troughs. 
Satellite  observations  have  been  used  to  develop  maps  of  ozone  in  the  middle  and  upper 
stratosphere  (e.g..  Heath  i t al.,  1973).  At  these  levels  the  variations  are  larger  in  scale  because 
of  the  dual  effects  of  decay  of  cyclone-scale  disturbances  with  altitude  and  increasingly  effktent 
photochemical  damping. 

Despite  tiKre  being  less  ozone  data  for  the  Southern  Hemisphere,  significant  differences  from  the 
Northern  Hemisphere  are  observed.  Dutsch  (1963)  showed  that  largest  values  of  total  ozone  are 
found  later  in  spring  and  at  somewhat  lower  latitudes  than  in  tlM  Northern  Hermsphere. 

An  intriguing  aspect  of  ozone  transport  is  its  reltfionship  with  jet  streams.  Briggs  and  Roach 
(1963)  noted  that  larger  ozone  mixing  ratios  occurr«*d  on  the  cyclonic  shear  side  of  the  middle 
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hrtlttMii  i«t  ttrtMns.  LtMli  CM72)  AOlad  Hut  <noiw  <Etf>lay«d  a tMlar  t/Hmx,  Such  a 
ttmaun  Is  ecM4>atlbie  wMi  the  difeel  cfrculattoii  aboiA  the  polar  frmit  }et  itfeam  hypmhMiud 
by  various  researchers  (e.g.,  Namias  «id  Clapp,  1949;  OanMsen,  1968)  and  subsequently 
c^ulMed  hy  Mahinmi  (1973). 

The  behavior  of  ozone  during  sudden  stratospheric  warmings  has  been  noted  by  several 
researchers.  DStsch  (1%2)  and  LorKlon  (1962)  noted  a dramatic  increase  in  ozone  at  high 
latitudes  during  warming  eveiRs.  This  has  also  been  iMted  In  sMellite  obswyrtkms  by  Ghazl 
(1974).  A probable  in^prmttion  is  that  the  polar  ozone  increases  are  a result  of  the  dynamicdly 
induct  poleward  and  downward  trNea«Kies  which  produce  the  warmir^  itsNf.  ObserviRionai 
evidmioe  of  this  w»  presented  by  Mahimm  (1970)  and  shnuimed  with  a mechanistic  morki  by 
Hsu  (1980). 

Measurements  of  the  vertical  and  meridional  <£stribution  of  looflived  trace  constituents  such  as 
H2O,  N2O,  CH4,  H2,  and  chlorof I uoro methanes  can  provide  valuable  insight  Into  transport 
processes.  Vartous  researchers  have  obt^ned  such  measuremmits.  and  these  are  documented  In 
detNI  in  Chapter  1 . For  etartHrle,  the  relative  rfryness  of  the  bwer  stratosphere  may  hutted  the 
predominant  t^igwricures  of  air  entering  the  stratosphere  from  the  troposphere.  These  long 
lived  constituents  can  (Mrovide  information  on  vertical  transport  rmes  in  the  upper  md  rrdddie 
stratosphere.  Levy  et  al.  (1979)  sug^t  that  such  observations  cam  prenride  extremely  valuable 
tests  for  rpuntitative  simulation  models. 

Ob^usly,  observed  trace  constitumt  beha^or  has  posed  numerous  challenges  to  our 
understanding  of  transport  processes.  Future  in^roved  measurements  may  provide  hirther 
enlightenment,  but  undoulMediy  will  present  further  formidable  challenges  to  our  theoretical 
analyses  and  model  simulations. 

A CONCEPTUAL  VIEW  OF  STRATOSPHERIC  TRANSPORT 

In  this  section,  we  outline  some  of  the  various  osnsiderations  that  can  be  used  to  construct  a 
usable  theoretical  frvneworic  for  understanding  stratospheric  transport.  As  will  become  r^ious, 
these  various  theoretical  arguments  have  yet  to  be  me^ed  into  a single  coherent  structure. 
Nevertheless,  considerable  progress  has  been  made  in  the  past  decade  or  $0. 

Perhaps  the  simplest  conoet^ual  framework  from  which  to  view  stratospheric  transport  is  the 
so-called  isentropic  (potential  temperature)  coordinate  approach.  In  this  approach,  It  is  first 
noted  that  air  pamis  cannot  cross  the  quasi-horizontal  isentropic  surfaMS  of  the  stratosphere 
unless  non-adiabatic  processes  are  occurring.  Of  course  adiabatic  wents  can  cause  the  Isen- 
tropic surfaces  themselves  to  move;  indeed  durit^  a sudden  strMospheric  wruming;  isentropic 
surfaces  move  compwatively  rapidly.  However,  in  the  time-aver^ied  sense,  the  potential 
temperature  surfaces  in  the  stratosphere  remain  in  essentially  the  swne  locations  from  year  to 
yeiu.  This  means  that,  for  longer  term  systematic  vertical  transports,  non-adiabatic  (vocesses  are 
essential. 

These  considerations  make  it  bnmediately  obvious  thM  the  stratosphere  is  a region  in  which  the 
vertied  transport  of  tracers  bade  to  the  troposphere  must  be  relatively  in^ficient.  First  the 
potential  temperatures  of  the  stratosphere  are  very  high,  in  most  cases  much  larger  than  have 
ever  been  observed  as  sensible  Mmperatures  in  the  lower  trr^sphere.  Thus,  stratospheric  air 
must  experience  omsiderable  cooling  before  it  enters  the  troposphere.  Second,  the  higher  the 
stMic  stability  the  abnosphere,  the  smaller  is  the  diowed  vertical  displacement  of  an  air 
parcel  relative  to  an  isentropic  surface  for  a idven  <8abatic  heating  rate.  This  again  indicates  the 
relatively  large  resistance  to  vertical  transport  in  the  stratosphere. 
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To  k^oMo  <Nff  int^tf  Imo  the  serious  mechwiisfiis  te^ng  to  IrrtverilMe  ^Misport,  let  m 
mmioe  wh<  qwrfMlK^  understencAng  be  gained  fiom  some  bypothette^ 

shM^Mis.  First,  oonsider  m efenost  fitolonims  stisdospbrno  tsey  molecuier  dlffv^ofi  oidy), 
which  recrives  no  upward  propagethig  tr^sf^ieric  ^storbances  end  Is  wldect  to  no  smuMy 
asymmetric  Instabilities.  In  dw  i^smoe  of  seasorml  or  diomirf  raiftatiott  cydn,  sndi  a tys^ 
would  be  mttiemdy  ^se  to  radiative  equilibrium,  ^compmiyhig  tNs  would  be  «i  intense  zond 
wind  (westerly)  of  sufficient  magnitude  to  balance  the  strong  meridional  pressure  gradients 
neoesswily  presem  in  such  m%  ^mosphere.  The  only  transport  a consmvdhm  tmem 
introduced  into  such  a system  u^ld  be  in  the  zonal  direction.  An  air  pared  iniected  at  a 
particular  place  would  essentially  remain  'frozen'  at  its  original  latitude,  heigiit  and  potential 
mnqwrmure. 

The  nmd  obvious  mocHficatlon  of  this  sknpte  ton^nary  situation  is  u»  dlow  the  solar  heating  to 
undergo  its  diurnal  and  annual  cycles.  This  of  course,  allows  some  instantaneous  net  heatii^ 
and  thus  movement  of  dr  parcels  relative  to  isentropie  surfaces.  However,  although  this 
time-dependent  heating  would  lead  to  trmsient  motions  in  respond  to  the  resuhant  unbalanced 
pressure  forces,  probaUy  relative^  wnall  iM  meridkMtai  or  vertical  <cKsplacements  woutd  otxur 
over  periods  tong  mlathm  to  the  mdimiue  forcing  interval. 

Now  consider  wlud  could  hm»pen  if  a significant  amount  of  mechanical  dangsing  or  friction  is 
added  to  this  hypothetical  system.  Initially,  the  frictional  damping  produces  a reduction  in  the 
zonal  wind,  thus  leacHng  to  an  imbalance  between  the  zonal  wind  and  the  meridional  pmssure 
gradient.  This  leads  to  a poleward  ao»ieration  of  the  meridional  wind  corm>onent.  The  resultant 
tendency  to  accumulate  mass  ir;  higher  latitudes  lead  to  sinidng  there.  This  sinking,  through 
adiabatic  compression,  acts  to  warm  the  polar  region  above  its  radiative  equilibrium 
ten.peratures.  Once  such  a system  finally  comes  into  equilibrium,  it  is  again  characterized  by  a 
nearly  geostrophicaliy  balanced  zonal  wind.  However,  this  hypothetic ai  atmosphere  now  contains 
a themudiy  direct  Hadtey-type  meridional  circulation.  The  pofoward  flow  in  the  upper  branch  of 
the  Hadley  circulation  acts  to  restore  the  westerlies  i^inst  frictionai  deceieratiort  and  maintain 
l^strophk:  balaruie.  In  adcKtion,  the  polar  sinking  and  equatorial  rising  motion  act  to  ke^  the 
polar  and  equatorial  terrqjeratures  lAiove  and  below  their  respective  local  radiative  equilibrium 
values.  This  means  that  the  balancing  radiative  cooling  and  heating  leads  to  downward  «id 
upward  flux  of  air  parcels  throuid*  isentropie  surfaces  at  higher  and  tower  latitudes,  respectively. 
Thus,  systematic  meridional  and  ^rtical  air  motions  are  a fundamental  property  of  this  simple 
system.  Note,  the  crucial  role  of  mechanical  damping  in  this  system,  however. 

The  next  levels  of  con^lexity  are  far  more  difficult  to  deal  with  and  understand  in  terms  of  their 
implications  for  stratospheric  transport.  Suppose  we  now  aiiow  various  motion  systems  pro- 
duced in  the  troposphere  to  prr^M^te  into  and  influence  the  state  of  the  above  hypothetical 
stratosphere.  Assume  a steady  disturbance  is  'switched  on'  at  some  instant.  Even  if  the  dis- 
turbance flow  is  adiabatic,  the  str^ospheric  isentropie  surfaces  themselves  will  move  toward 
their  new  steady-st^  positions  ccmipatible  with  the  steady  state  forcing.  After  this  initial 
response,  the  *non-accderation'  - 'non-transport'  theorems  tell  u$  that  little  further  trw^sport 
would  occur,  as  long  as  the  cruci^  assumptions  arc  nearhr  valid  for  the  basic  stat^  as  well  as 
the  (ftsturbance. 

In  a superficial  sense,  this  ig>pears  to  reprefvnt  the  cgiasi-stationary  state  of  the  early  winter 
Northern  Hemispiteie  stratosphere,  itowever,  a closer  kxMr  shows  that  this  apparently 
equilibrated  '^rnost  non-transport'  situation  can  lead  to  significant  real  transport  in  least 
three  weys.  Firs^  the  stratospheric  basic  stMe  considered  here  already  contains  departures  from 
'non-transport*  conrfttions  b^use  of  the  impact  of  the  lasumed  mechanical  friction.  Second, 
the  adiabaticaliy  forced  displacement  of  the  isentropie  surfaces  leads  to  actual  temperature 
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ch«ngt»  whan  ^awad  in  »,Ma.  This,  in  ^m,  eteitas  incraasint  racHativa  dhmpinft  and 

hanee  nraia  parcai  tiMMion  aooii  istntroi^  surfooes.  Thi^  If  sudi  a stationaiy  dis^rbaitoe  is 
inducad  {hirif^  sa^  michviritar,  the  a#anti^  onsM  summartime  radiMiae  condittons  cmi  iMd  to 
a course  of  tha  affective  h^ing.  At  that  tima^  the  associated  raad}ystmM«  of  die  fk>w  can 
lead  to  large  irwersible  paroat  displaoanants  (MahlnMMi  md  Moxinv  1978;  Malsttno,  1980). 

Realistic  sRuiRions  baMme  even  more  comphM  in  that  tha  forcing  is  actudly  time  dependent 
over  a number  of  time  scales.  In  addition,  disturbances  oondng  from  the  troposphere  involve  a 
spiRiai  spectrum  of  motions  from  sr*wH  scale  gravity  waves  and  cfeM*  tir  turbuianoe  til  the  way  to 
the  scale  d the  Earth  itself.  The  intensity  these  oon^lex  motions  can  lead  h>  even  more 
radiative  dancing.  In  addition,  these  motion  scales  interact  in  such  a manner  as  to  increase 
substantially  the  probability  irreversibi'e  or  'turbulent*  mixing  on  ^rious  scales  (see  tiso 
Dutit^on,  1980).  The  effect  of  this  process  is  evident  in  various  nianericti  experiments  (e.g., 
Mahiman,  1975;  Hsu,  1980).  These  arguments  Imply  that  it  Is  the  motions  themselves  which 
(fetinmine  much  of  the  degree  and  character  of  dissipMion,  both  radiative  and  mechanical.  Once 
such  mechanical  dissipation  is  induced,  ho^vever,  increased  temperatures  at  the  higher  latitudes 
are  impl«d.  This  is  because  the  increasetl  mechaniesl  dancing  leads  to  additionti  poleward 
accelerations  (at  least  in  the  L^rangluri  sense),  «td  increased  adiabatic  heating.  Thus, 
ztmal-mean  diabatic  heating  and  cooling  can  be  increased  in  response  to  non-zonal  processes. 

The  above  arguments  emphasize  the  importance  of  various  processes  toading  to  excitation  of 
diabatic  miMions  in  the  stratosphere.  Ultimately,  however,  horizontal  gradients  in  diabatic 
heating  will  lead  to  horizontal  gradients  for  any  trace  constituent  on  a given  isentropic  surface. 
This  implies  that  essentially  adiabatic  processes  might,  under  some  drumstances,  lead  to 
irreversible  transports  on  the  isentropic  surfaces  themselves.  In  fact,  we  can  argue  that  the 
equilibrium  meridional  slopes  of  tracers  in  the  stratosphere  result  from  the  competition  between 
the  above  two  processes.  If  mixing  tiong  the  surfaces  v/ere  the  only  process  acting  the 
equiiibriwn  trKer  surfaces  would  exhibit  the  same  meridional  slope  m the  isentropic  surfaces. 
On  the  other  hand,  if  the  only  process  acting  was  the  meridional  gradient  of  rttabatic  heating  the 
equilibrium  tracer  surfaces  would  tend  to  adopt  an  extremely  steep  meridional  slope,  eventually 
becon^ng  vertical  or  even  inverted  and  convoluted.  The  fact  that  the  equilibrium  tracer  surfaces 
show  a structure  between  these  two  extremes  strongly  suggests  that  a balance  between  these 
two  rather  (Efferent  processes  is  indeed  effected  in  ; • stratosphere. 

VARIABILITY 

The  previous  conceptual  view  of  transp«srt  dealt  with  the  roie  of  transport  in  giving  rise  to 
ciimatoiotical  distributions  of  trace  constituents.  Here  anotiter  role  of  transport,  that  of  giving 
rise  to  variability  in  constituent  concentrations,  is  briefly  (Escussed, 

There  are  at  least  two  ways  in  which  transport  ^nerated  variaNlity  complicates  the  intepretation 
of  observations  of  trace  constituent  concentrations.  One  complication  arises  in  the  chemical  in- 
terpretation of  initantaneous  profiles  of  trace  cor^stituent  concentrations,  and  the  other  arises 
when  attempting  to  <baw  conclusions  based  upon  the  evaluation  of  trends  in  (fata  records  of 
length  on  the  order  of  10  years. 

Because  of  tiie  time  variability  of  the  motions  in  the  stratosphere,  tir  parcels  at  ad)acent  heights 
in  m tir  colimm  at  a particular  time,  or  air  parcels  at  the  same  heigM  but  at  differeiR  times,  may 
have  come  from  quite  different  locations.  The  ambient  concentrations  at  these  locations  may  be 
quite  different  frmn  each  other  and  also  quite  different  from  the  average  concentration  at  the 
position  of  the  column  of  mterest.  The  «tent  of  the  variability  (fapetids  on  the  amount  by 
which  the  concentration  of  a moving  parcel  of  air  can  differ  from  its  environment.  Sirrgslifying 
the  sttuMion  by  using  a linear  argument,  this  in  turn  is  controlled  by  the  size  and  direction  of 
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the  spatial  gradient  in  the  mean  ambient  distribution  and  the  distance  parallel  to  this  gradient 
which  a parcel  can  travel  before  losing  its  identity  through  relaxation  of  its  concentration  toward 
its  ambient  value.  For  a given  distribution  of  parcel  velocities,  the  variability  of  the 
concentration  of  a particular  constituent  will  be  proportional  to  the  time  a parcel  can  maintain 
its  concentration.  For  short-lived  constituents  the  appropriate  time  is  the  photochenecal 
relaxation  time  whereas  for  long-lived  constituents,  the  appropriate  time  is  the  mixing  time,  the 
time  after  which  parcels  bse  their  identity  through  purely  mechanical  processes.  Thus 
conceptually,  the  variability  should  be  large  when  parcel  displacements  aie  large,  where  the 
magnitude  of  the  mean  gradient  of  the  constituent  concentration  is  large  and  where  the 
photochemical  relaxation  time  of  the  constituent  of  interest  is  long  compared  to  the  time 
required  to  achieve  the  large  parcel  (Ssplacement.  These  expectations  are  essentially  borne  out 
for  ozone  which  has  a 50  to  75%  variability  in  the  lower  stratosphere  (Diitsch,  1%9;  Pittock 
1977}.  Variability  should  be  generally  less  in  the  tropics  where  parcel  displacements  are  smaller. 
(Levy  et  al.,  1979). 

Another  form  of  variability  is  the  interannual  variability  of  constituent  concentrations  and  in 
particular  of  total  ozone.  This  is  caused  by  the  large  interannual  variability  in  the  planetary  scale 
motions  in  the  stratosphere  which  results  quite  directly  from  the  interannual  variability  of  the 
planetary  scale  circulation  in  the  troposphere.  Planetary  wave  activity  varies  greatly  from  one 
winter  to  the  rrext,  and  in  fact,  during  some  winters  there  are  stratospheric  warmings  with  their 
attendant  large  increases  in  high  latitude  total  ozone  column  and  in  some  winters  there  are  not. 
This  leads  to  a cKscernable  red  noise  component  to  the  temporal  distribution  c^  temperature, 
wind,  and  ozoiiC  concentration  in  the  stratosphere.  This  natural  low  frequency  variability  must 
be  carefully  considered  when  interpreting  trends  in  stratospheric  data. 

TROPOSPHERE-STRATOSPHERE  EXCHANGE 

In  order  to  understand  how  man's  activities  affect  the  stratosphere,  it  Is  necessary  that  we 
understand  how  tropospheric  and  stratospheric  air  are  exchanged.  We  take  as  a point  of  depar- 
ture for  this  discussion  the  hypothesis  of  Brewer  (1949)  that  the  extreme  dryness  of  practically 
all  the  air  in  the  stratosphere  at  arry  time  is  due  to  its  having  passed  through  the  equatorial 
tropopause,  the  only  location  in  the  atmosphere  where  it  could  be  desiccated  by  condensation 
and  precipitation  during  cooling  to  below  -8lfC  at  a pressure  of  about  100  mbar.  Brewer's  hypo- 
thesis did  not  localize  an  exit  region,  but  called  for  a vertical  gradient  of  water  vapor  in  the 
lowest  1 or  2 km  of  the  stratosphere,  maintained  by  eddy  diffusion  against  a mean  downward 
mass  transport.  This  hypothesis  was  originally  based  on  in  situ  (aircraft)  observations  of 
frost-point  in  a very  limited  geographical  region  around  IfE,  5(fN. 

It  was  later  established,  following  a suggestion  of  R.  ).  Reed  (1955),  most  convincingly  by 
aircraft  observations  (Danielsen,  1968)  of  the  radioactive  products  of  stratospheric  explosions, 
that  the  regions  of  exit  from  the  stratosphere  were  limited  in  large  measure  to  mid-latitudes, 
occurred  mainly  in  spring,  and  were  associated  with  jet  streams.  These  observations  were  not 
incompatible  with  a reverse  (troposphere  to  stratosphere)  transport  in  this  region,  but  did  not 
establish  it. 

Brewer's  hypothesis  of  a unique  source  of  very  dry  air  is  compatible  with  atmospheric  dynamics 
and  energetics,  which  call  for  low  level  convergence  in  the  equatorial  zone,  but  in  itself  gives  no 
clue  to  the  physical  nature  of  the  mass  flow,  e.g.,  whether  steady  and  widespread  or  localized 
and  impulsive. 

There  is  a seasonal  variation  in  the  mass  of  the  Northern  Hemisphere  stratosphere  of  about  30% 
or  10^^  kft  the  rate  of  mass  change  being  most  marked  in  spring  at  the  time  of  the  observed 
major  transfer  of  stratospheric  radioactivity.  The  actual  annual  mass  transfer  was  estimated  by 
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EMnieSsen  and  Mohnen  (197U),  from  a study  of  ozone  transport  and  the  phenomenon  of  tropo- 
pause  folding  to  be  above  3*6  * l(g/yr.  Robinson  (1980)^  on  the  other  hand,  postulated  that 
the  actual  hemispheric  mass  exchange  was  the  minimum  value  of  10^^  kg/yr,  the  difference 
between  the  masses  of  the  winter  and  summer  stratospheres.  He  also  argued  that,  since  H2O 
contents  much  greater  than  2 to  4x10~^  by  mass  have  not  been  reserved  in  the  region  of  the 
sub'tropical  and  polar  front  jets  above  a height  of  about  16  km,  tropospheric  air  did  not  pass 
upward  through  this  level  (which  is  normally  2 to  6 km  above  the  conventional  tropopause  in 
these  regions).  This  simple  *one-door  in,  one-door  out'  picture  allows  an  estimate  of  the  stra- 
tospheric budget  of  minor  constituents  if  their  mixing  ratio  is  known  at  the  'doors',  the  equa- 
torial tropopause  and  the  16  km  level  in  mid-latitudes.  Robinson  claimed  some  success  for 
estimates  based  on  this  hypothesis,  particularly  for  CCI4  and  the  CFCs,  but  the  paucity  and 
imprecision  in  the  observations  tend  to  render  his  estimates  speculative. 

In  the  last  2 years,  two  developments  have  complicated  this  simple  'one-door  in,  one-door  out' 
picture.  The  first  concerns  the  result  of  two  NASA/Ames  observation  campaigns  employing  U-2 
aircraft  in  the  tropical  convergence  zone  near  Panama  (Poppoff  et  al.,  1979).  The  second  is  the 
detailed,  reproducible  observations  of  small-scale  variability  in  the  stratospheric  water  content 
by  D.  Kley  and  his  colleagues  (1979  and  personal  communication). 

Consider  first,  the  tropical  convergence  zone  experiments.  The  Brewer  hypothesis  calls  for  con- 
densation and  precipitation  in  the  tropical  ascent  region.  The  equatorial  convergence  is  at  low 
levels  and  the  major  water  removal  must  occur  in  cumulonimbus  clouds.  Radiosonde 
observations  in  the  neighborhood  of  major  cloud  clusters,  at  least  in  the  Panama  region  and  the 
eastern  tropical  Atlantic  ^ATE),  do  not  show  the  conditions  required  for  desiccation  below  a 
mass  mixing  ratio  of  b to  12x1U“^.  Furthermore,  detailed  examination  of  the  H2U  vapor  and 
particle  content  in  and  near  the  anvil  cirrus  produced  in  the  stratosphere  (as  conventionally 
defirred)  indicates  that  the  process  is  introducing  air  with  a water  content  considerably  higher 
than  the  2 to  4x10"^  mass  rnixing  ratio  required. 

During  the  12  August  19tW  mission,  the  U-2  pilot  flew  the  aircraft  into  the  outer  portions  of  an 
anvil,  penetrating  down  into  it  150  to  3U0  meters  to  an  altitude  of  about  17  km,  where  Kley's 
water  vapor  sensor  measured  a total  water  content  of  450  ppmm  at  a temperature  of  -017*C.  This 
large  value  (the  sum  of  the  in  situ  vapor  and  the  evaporated  ice  crystals  entering  the  probe) 
greatly  exceeds  the  saturation  mixing  ratio  of  5.8  ppmm. 

Cumulonimbus  (Cb)  clouds  in  the  Panama  area  may  penetrate  the  conventionally  defined 
tropopause  by  2 to  3 km.  When  these  clouds  are  present,  there  is  what  may  be  described  as  a 
transition  region  with  water  content  (particulate  and  vapor  phase)  varying  from  the  order  of 
10x10"^  by  mass,  to  the  order  of  1000x10"^.  If  this  air  is  to  enter  the  non-local  stratosphere  and 
propagate  to  non-equatorial  latitudes,  it  must  be  subjected  to  desiccation  within  the  transition 
region.  Danielsen  (personal  communication)  has  suggested  that  waves  induced  by  the  penetrating 
Cb  clouds,  associated  with  the  selective  growth  of  some  ice  particles  could  provide  the  basis  of 
such  a mechanism.  It  is  also  conceivable  that  this  transition  zone  air  might  be  reincorporated  in 
the  troposphere.  In  this  latter  case,  we  would  have  to  look  elsewhere  in  the  equatorial  zone  for 
the  region  of  entry  of  stratospheric  air,  the  most  likely  region  being  the  Indonesian  sector  where 
a high  frequency  of  Cb  cloud  is  associated  with  a particularly  cold  conventional  tropopau'^*;  and 
frequent  occurrence  of  temperatures  -HtPC  to  -85*C  at  100  mbar.  Detailed  associations  of  high 
cloud  and  local  temperature  and  water  content  structure  are  not  available  in  this  area. 

The  second  recent  development  is  illustrated  in  Figure  2-17.  The  feature  significant  for  our 
present  discussion  is  the  considerable  range  of  mixing  ratios  in  layered  structures  which  persist 
from  balloon  ascent  to  descent  implying  a horizontal  spatial  scale  of  order  at  least  tens  of  km, 
and  a very  detailed  layered  >«rtical  structure  with  many  scales,  but  with  major  features  of  order 
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1 km  thick.  DanielsCn  (personal  communication)  has  made  an  isentropic  trajectory  analysis 
(illustrated  in  Figure  2-1B)  fOr  one  major  feature  of  the  measurements.  This  establishes  that  air, 
in  a layer  of  thickness  hundreds  of  meters,  moved,  without  significant  mixing,  In  a few  days  from 
the  tropical  stratosphere  in  the  western  Pacific  to  a position  3 km  lower  over  Wyoming.  At  the 
point  of  origin  of  the  trajeCtor/,  the  H2O  and  O3  content  was  appropriate  to  the  tropopause  in 
the  Indonesian  region,  but  the  pressure  and  temperature  implied  either  a forced,  highly 
anisentropic  ascent  in  the  lower  tropical  stratosphere  or  desiccation  by  local  isentropic  ascent  to 
a temperature  of  about  -85“C  at  a pressure  of  about  65  mbar,  well  above  the  conventional 
tropopause.  This  work  of  Danlelsen  has  implications  concerning  the  scales  on  which  isentropic 
Lagrangian  trajecctory  analysis  may  and  may  not  be  usefully  employed. 


Figure  2-17,  Observations  of  the  concentration  of  H2O  in  the  stratosphere  (illustrating  small-scale  variance). 


Danielsen  also  suggests  that  the  variance  of  KleyVs  observations  at  altitudes  around  15  to  20  km 
in  temperate  latitudes  suggests  that  tropospheric  air  may  be  entering  the  stratosphere  above  the 
jet  core,  contrary  to  Robinson's  hypothesis.  Fairly  rapid  mixing  and  a stratospheric  desiccation 
mechanism  would  be  called  for  in  this  case:  the  latter  could  be  provided  by  mountain  and 
cumulonimbus-induced  waves,  with  condensation  and  precipitation.  The  question  whether  or 
not  tropospheric  air  enters  and  remains  in  the  stratosphere  in  the  neighborhood  of  the 
mid-latitude  jet  streams  is  important  from  the  point  of  view  of  the  spread  of  anthropogenic 
pollutants,  particularly  those,  such  as  NOx  from  aircraft,  with  a relatively  short  tropospheric 
lifetime. 

Resolution  of  the  uncertainties  discussed  above  will  require,  at  least,  many  nwre  observations  of 
the  concentration  of  mir?or  constituents,  on  a very  small  sampling  scale  in  time  and  space.  These 
are  required  particularly  in  the  upper  troposphere  and  lower  stratosphere  in  the  equatorial  zone, 
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in  the  neighborhood  of  the  mid-latitude  jet  streams,  and  near  large  clouds  penetrating  the  con- 
ventional tropopause.  Precisions  and  accuracies  of  10%  or  better  are  needed.  In  situ  obser- 
vations by  rocket,  ballocn,  and  aircraft  are  required  because  current,  and  currently  conceived 
satellite  techniques,  do  not  have  the  necessary  spatial  resolution. 


Figure  2-18.  Isentropic  trajectories  28  January  1 February  1979  {Danielsen,  personal  communication). 


STRATOSPHERIC  WATER  VAPOR  BUDGET 
INTRODUCTION 

The  amount  of  water  vapor  present  in  the  lower  stratosphere  is  important  for  the  radiative 
balance  and  for  the  rate  of  production  of  HO,  a key  free  radical  in  the  photochemical  kinetics  of 
the  stratospheric  ozone  distribution. 

Any  discussion  of  the  stratospheric  water  vapor  budget  requires  definition,  over  the  globe,  of 
the  boundary  between  stratospheric  and  tropospheric  air.  Availability  of  data  limits  our 
discussion  to  the  Northern  Hemisphere,  with  the  knowledge  that  15  to  20%  of  stratospheric  air  is 
exchanged  annually  between  the  hemispheres.  Budgetary  discussion  also  requires  quantificarion 
of  the  sources  and  sinks  of  atmospheric  water  vapor.  The  known  sources  are  evaporation  at  the 
Earth's  surface,  which  supplies  about  5x10^^  kg/yr  to  the  Northern  Hemisphere,  and  photo- 
chemical oxidation  of  methane  which  is  several  orders  of  magnitude  smaller.  It  is  estimated  that 
not  more  than  about  10^^  kg/yr  of  H2O  enters  and  leaves  the  Northern  Hemisphere  stratosphere. 
About  10^^  kg'yr  of  methane  enters  the  Northern  Hemisphere  stratosphere,  of  which  not  more 
than  10%  is  oxidized  with  ultimate  production  of  H2U.  there  is  no  known  significant  chemical 
destruction  of  H2O.  The  only  viable  way  in  which  the  water  content  of  a parcel  of  air  can  be 
reduced  is  by  cooling  with  subsequent  condensation  and  precipitation.  The  observed  mass 
mixing  ratio  of  air  in  the  lower  stratosphere  (at  heights  niore  than  about  1 to  3 km  above 
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the  tropopause)  is  around  3x10~^.  For  methane  it  is  about  8x10~^.  If  all  the  methane  in  a parcel 
of  stratospheric  air  were  to  be  oxidized  the  mass  mixing  ratio  of  H2O  in  the  parcel  would  be 
increased  by  not  more  than  1.5x10~^.  If  as  much  as  10%  of  the  yearly  exchange  of  methane  were 
to  be  oxidized  there,  an  additional  export  of  2x10^^  kg/yr  of  H2O  from  stratosphere  to 
troposphere  would  be  required. 

The  outstanding  problem  associated  with  stratospheric  humidity  observations  is  to  account  for 
the  very  low  values,  ranging  from  2 to  6 ppmnv  with  a minimum  a few  km  above  the  tropopause. 
Such  low  values  rule  out  ascending  motion  and  condensation  to  ice  through  the  generally  ob- 
served global  distribution  of  temperature  minima  (tropopauses),  which  would  result  in  values  of 
3D  to  50  ppmm  in  the  extratropics  and  values  of  5 to  15  ppmm  in  the  tropics.  The  requisite 
thermodynamic  conditions  to  produce  2 ppmm  (temperatures  -83^  and  pressures  % mbar)  are  to 
be  found  in  the  climatological  record  only  at  certain  geographical  locations  of  the  equatorial 
tropopause,  and  in  the  rather  small  volume  of  the  polar  winter  stratosphere  between  10  and  70 
mbar.  Air  with  2 ppmm  water  vapor  entering  the  stratosphere  must  therefore  have  experienced 
temperatures  at  least  as  low  as  this;  note,  however,  that  the  flow  of  dry  air  into  the 
stratosphere  need  not  necessarily  be  vertical  in  the  sense  of  cumulonimbus  convection.  In 
addition  studies  have  shown  that  particularly  during  periods  of  intense  mid-latitude  tropospheric 
cyclogenesis,  there  is  often  a jet  stream  breakdown  and  tropopause  folding  (l)anielsen,  1968)  with 
a concomitant  outflow  of  air  from  the  lower  stratosphere  into  the  upper  and  middle 
extratropical  and  tropical  troposphere.  This  air  soon  loses  its  stratospheric  characteristics 
through  convective  activity  and  turbulent  mixing.  An  additional  observational  constraint  is  that 
injections  of  mi)ist  tropospheric  air  into  the  lower  stratosphere  through  the  tropopause  near  jet 
streams  must  be  small  enough,  in  the  time  averaged  zonal  mean,  to  permit  dilution  by  dry  air  to 
a degree  compatible  with  the  observed  latitudinal  humidity  amounts  and  gradients.  Finally,  other 
quasi-conservative  tracers  must  satisfy  the  exchange  process. 

This  gross  picture  of  the  stratosphere-troposphere  exchange  does  not  include  the  understanding 
of  detailed  mechanisms  particularly  as  regards  the  dessication  prtKess  and  influx.  Further  insight 
requires  examination  in  two  meteorological  contexts;  cloud  physics  and  atmospheric  dynamical 
structure.  The  aim  here  will  be  to  establish  rough  time  and  space  scales  for  some  basic 
processes. 

CLOUD  PHYSICS  CONSIDERATIONS 

Cloud  pliysics  is  important  because  the  primary  sink  for  water  vapor  in  the  atnxisphere  is 
condensation  to  the  water  and  ice  phases,  following  adiabatic  cooling  as  a result  of  ascent. 
Motions  on  the  scale  of  a cumulonimbus  cloud  are  roughly  characterized  by  a time  scale  of 
minutes  to  hours  with  an  individual  cell  having  a lifetime  of  perhaps  30  minutes  although  some 
storms  consisting  of  several  cells  may  last  for  -.everal  hours.  The  vertical  scale  is  5 to  20  km, 
with  a horizontal  dimension  of  about  the  same  order.  The  characteristic  time  scale  of  'turrets', 
emerging  from  Cb  tops  and  collapsing,  is  5 minutes. 

For  the  desiccation  process,  the  relevant  physics  includes  possible  hydration  by  evaporation  of  ice 
crystals  transported  into  and  mixed  with  stratospheric  air;  possible  dehydration  by  ice  crystal 
formation;  and  growth  and  sedimentation  within  the  stratosphere.  Sina*  the  temperatures  are 
much  colder  than  -4(7X1,  there  is  no  difficulty  with  initiation  of  the  condensation  process:  it  can 
occur  homogeneously,  without  benefit  of  preexisting  nuclei.  For  ice  crystals  falling  from  cirrus 
clouds,  the  radiative  cooling  and  >^ntilation  of  the  particle  are  important;  crystals  rnay  survive  a 
fall  distance  of  up  to  2 km  when  the  relative  humidity  is  less  than  70%  with  respect  to  water 
(Roach  i976;  Hall  & Pruppacher  197b).  Even  in  thin  cirrus  clouds,  the  humidity  field  should  reach 
saturation  with  respect  to  ice  in  a minute  or  so,  and  observed  frost  points  in  cirrus  should 
therefore  not  depart  significantly  from  air  temperature.  Ice  crystals  small  enough  to  have  very 
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slow  fall  speeds  nay  survive  lorig  enough  to  be  carried  a few  thousand  kilometers^  for  instance 
by  a typical  tropical  easterly  jet  flow,  if  it  is  protected  from  the  warm  lower  troposphere  by 
thicker  cirrus  veils  between  150  and  300  mbar  (Roach,  1%1).  The  dependence  of  water  vapor 
saturation  mixing  ratio  (with  respect  to  ice)  upon  air  temperature  and  pressure  is  given  in  Table 
2-16:  the  data  are  derived  from  the  thermodynamics  of  air  and  phase  transitions  of  water 
substance. 


’Hible  216 

Water  Vapor  Saturation  Mass  ^fixing  Ratio  with  Respect  to  Ice  (ppmv) 


Temperature 
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1.0 

1.0 
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0.7 

0.7 

0.6 
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Rising  'turrets*  from  an  intense  cumuionimbus,  on  simpie  energetic  grounds  and  as  a matter  of 
observation,  may  penetrate  the  stratosphere  by  1 to  4 km.  The  updrafts  needed  to  achieve  this 
against  the  environmental  stability  are  capable  of  carrying  upwards  sizeable  numbers  of  ice 
crystals  of  larger  dimensions  than  will  stay  suspended  in  still  air.  After  collapse  of  the  turrets 
some  of  these  crystals  remain  in  the  lower  stratosphere.  U-2  Knollenberg  aircraft  measurements 
(Danielsen,  Kirstewbreg,  Kley,  personal  communication)  support  these  contentions  with  observed 
total  H2O  content  of  about  450  ppmm  at  (saturation  mixing  ratio  3.5  ppmm).  Another 

phenomenon  observed  by  the  U-2  pilot  is  ejection  of  a jet  of  ice  crystals  some  300  to  700  m 
above  the  turret.  These  large  crystals,  falling  through  supersaturated  air  lifted  by  the  turret  will 
desiccate  this  air.  The  combined  effect  of  these  two  phenomena  could  contribute  to  the 
observed  decrease  of  water  vapor  mixing  ratio  above  the  tropopause.  The  climatological 
frequency  of  large  Cb  is  partially  available  in  radar  climatologies  and  from  CUES  infrared  satellite 
imagery.  At  both  middle  and  low  latitudes  there  is  evidence  of  topographic  forcing.  At  low 
latitudes  there  is  evidence  also  of  cloud  clusters  associated  with  both  standing  and  propagating 
disturbances.  In  extratropical  latitudes  they  are  correlated  with  subtropical  jet  streams. 

ATMOSPHERIC  STRUCTURE  CONSIDERATIONS 

Contemporary  analyses  based  on  current  radiosonde  observations  indicate  that  the  mean 
temperature  of  the  tropical  tropopause  is  also  not  cold  enough  for  the  Brewer  hypothesis  to 
apply  to  a steady  circulation  at  all  longitudes.  However,  longitudinal  variations  do  exist  in  the 
mean  temperatures  which  yield  the  prescribed  cold  temperatures.  Figure  2-19  (Danielsen, 
personal  communication)  shows  two  regions  on  opposite  sides  of  the  globe  with  monthly  mean 
temperatures  colder  than  -0ONZ  at  100  mbar.  The  colder  region  (— 83*C)  is  located  over 
Indonesia.  Newell  and  Gould-Stewart  (1981)  using  monthly  mean  statistics  for  more  than  10 
years  show  that  the  dual  structure  persists  seasonally  but  the  dominant  center  oscillates  toward 
India  In  the  summer  and  towards  Indonesia  during  the  winter.  As  Newell  points  out  the  Brewer 
ftypothesis  must  be  shifted  from  the  Hadley  to  the  Walker  circulation. 
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Recently,  Kiey  et  al.  (1960)  have  observed  correlated  minirv>a  in  both  ozone  and  water  vapor  at  15 
km  (6  * 405  K)  in  stratospheric  air  over  Wyoming.  These  minima  were  traced  bade  via  isentropic 
trajectories  to  the  area  of  the  Philippines  and  Indonesia  (Danielsen,  personal  communication). 
Although  the  trajectories  trace  the  air  back  to  the  most  probabW  source  region,  the  actual 
radiosonde  observations  in  this  region  leave  the  specific  desiccation  process  unresolved. 
However,  since  the  transport  from  the  tropics  to  Laramie  occurred  within  4 or  5 days  the 
possibility  of  rapid,  intermittent  transports  as  opposed  to  slow  mean  circulations  must  be 
considered. 

The  annual  mass  influx  to  the  Northern  Hemispheric  stratosphere  has  been  estimated  on  a 
number  of  occasions,  but  no  reliable  figure  is  available.  The  efflux  on  the  other  hand,  which  in 
the  annual  mean  must  balance  it,  has  been  calculated  by  Danielsen  and  Mohnen  (1977)  and  others 
to  be  about  60%  of  its  total  mass,  and  is  described  by  the  relation: 


flow  - 1 3.6  + 1 .8  cos  (2t)  (t-4.5/1 2)  [ 


(5) 


where  M is  the  mass  in  units  to  lO^^kg/yr,  t=0  on  January  1,  1/12,  on  February  1 and  t=1  at  the 
end  of  the  year.  The  maximum  outflow  is  in  April,  and  is  three  times  as  fast  as  it  is  in  late 
autumn. 

GENERAL  CIRCULATION  MODELS  AND  STRATOSPHERIC  WATER  VAPOR 

The  previous  considerations  suggest  that  large-scale  wave  motions  in  the  tropical  troposphere 
and  lower  stratosphere  will  need  to  be  treated  well  in  rnodel  calculations  if  the  troposphere- 
stratosphere  exchange  of  water  vapor  is  to  be  computed  correctly.  This  is  also  true  of  exchange 
on  isentropic  surfaces  at  extratopical  jet  streams,  particularly  as  regards  the  question  of  air 
entering  the  lower  stratosphere  from  the  upper  troposphere.  The  vertical  resolutions  required  are 
approximately  1 and  2 km  respectively.  There  is,  of  course,  no  prospect  of  treating  cumulo- 
nimbus clouds  explicitly  in  a general  circulation  model;  the  computational  requirements  for 
theoretical  investigation  of  these  events  are  themselves  similar  to  those  of  general  circulation 
models,  applied  on  a scale  of  a few  tens  of  kilometers.  Their  treatment  of  the  cloud 
microphysics  and  radiative  transfer  is  highly  parameterized.  Given  this,  deep  convection  itself  in 
a general  circulation  model  is  also  highly  parametric,  being  evident  often  at  a single  column  on 
the  horizontal  grid. 

The  main  advantage  that  general  circulation  models  bring  to  the  problem  is  the  ability  to  provide 
a consistent  and  uniform  data  set  sampling  the  entire  spatial  domain  over  an  annual  cycle, 
rendering  the  computation  of  global  fluxes  and  three-dirnensional  trajectories  complete,  if  not 
necessarily  accurate. 

With  regard  to  comparison  with  available  data,  this  must  of  necessity  be  rather  superficial  at 
present,  for  two  reasons:  the  paucity  of  reliable  data  and  the  rather  coarse  resolution  of  the 
general  circulation  models  which  have  tried  to  simulate  the  stratospheric  water  vapor  budget.  At 
least  two  general  circulation  modeling  groups  have  attempted  this,  CFIX  and  the  British 
Meteorological  office,  but  neither  have  published  accounts  of  a diagnosis  of  the  results  in  terms 
of  fluxes  and  mass  budgets,  although  a paper  addressing  the  effect  of  water  vapor-ozone 
covariance  on  the  global  HO  distribution  is  available  (Allam  et  al.,  1981).  The  position  may  be 
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summarized  briefly  for  the  BMO  model  as  follows  (Allam  and  Tuck,  personal  communication): 
water  vapor  mixing  ratios  are  indeed  lowest  (2  to  3 ppmm)  in  the  equatorial  longitudes  where 
observed  tropopause  temperatures  are  lowest.  The  mid-latitude  lower  stratosphere  has  too  much 
water  vapor  present,  by  ^proxknateiy  a factor  of  two  or  three,  possibly  as  a result  of  too  much 
upper  tropospheric  air  entering  the  lower  stratosphere  near  jet  stream  locations  as  a result  of 
coarse  vertical  resolution.  There  is,  however,  some  preliminary  indication  in  the  red  atmosphere 
of  a maximum  of  water  vapor  mixing  ratio  in  the  mid-latitude  lower  stratosphere  (Ehhalt  and 
Tdnnissen,  1960;  and  Murgatroyd,  personal  communication),  although  this  is  not  necessarily 
caused  by  intrusion  of  tropospheric  air.  Encouraging  agreement  as  to  the  pattern  of  water  vapor 
at  39*N  exists  with  the  11-year  mean  altitude-iiine  section  obtained  from  the  series  of  water 
vapor  balloon  ascents  made  by  Maftenbrook  and  Daniels  (1980). 

The  use  of  Newtonian  cooling  and  the  coarse  vertical  resolution  degrade  the  value  of  this  simu- 
lation at  the  equatorial  tropopause,  despite  the  encouraging  longitudinal  distribution  of  water 
vapor  mixing  ratio  here.  This  is  clearly  shown  by  the  work  of  Mahiman  et  al.  (personal 
communication)  who  sfiowed  that  accurate  handling  of  the  water  vapor  fluxes  in  the  presence  of 
large  vertical  gradients  required  resolution  better  than  1.5  km  in  the  tropics,  and  about  1.7  km  at 
extratropical  latitudes.  These  vertical  grid  spacings,  combined  with  fourth-order  finite  differ- 
encing represent  considerable  improvements  over  a previous  model,  but  nevertheless  produced  a 
tropical  tropopause  which  was  too  cold  (188  K)  and  too  dry  (0.5  ppmm)  compared  to  reality. 

Further  work,  with  improved  spatial  resolution,  is  clearly  required,  and  should,  among  other 
things,  attempt  to  deal  with  the  following  questions: 

• Is  the  mid-latitude  maximum  of  water  vapor  in  the  lower  stratosphere  real? 

• If  so,  i<  it  caused  by  transfer  around  jet  streams,  by  the  descent  of  methane  oxidation 
products,  or  both? 

• Is  the  decrease  of  water  vapor  mixing  ratio  in  the  30  to  100  mbar  thick  layers,  often  obser>«d 
above  the  extratropical  tropopause,  caused  by  intrusion  of  tropospheric  air  around  jet 
streams? 

• What  causes  the  decrease  in  mixing  ratio  sometimes  observed  above  the  equatorial 
tropopause? 

• What  three-dimensional  trajectories  art  followed  by  air  entering  and  leaving  the  stratosphere? 
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CHAPTER  3 

MODEL  PREDICTIONS  AND  TREND  ANALYSIS 


INTRODUCTION 


Chapter  1 has  emphasized  tiie  diagnostic  use  of  models  to  explain  observations  (e>g.  the 
present-day  distribution  of  trace  species)  and  to  study  the  relative  importance  of  chemical 
processes  »id  their  mutual  interactions.  This  chapter  is  concerned  vi^ith  the  prognostic 

application  of  these  models,  i.e.,  to  extend  the  comparison  of  theory  and  experiment  in  terms  of 
possible  long-term  chaiges  in  stratospheric  composition,  especially  ozone.  The  available  types 
of  models  have  been  described  in  Chapter  2.  The  three-dimensional  models  give,  in  principle, 
the  closest  simulation  of  the  real  atmosphere,  but  are  so  demaiding  of  conputer  time  and 
memory  that  it  has  not  yet  been  possible  to  simulate  realistic  chemistry.  Tliey  remain  diagnostic 
tools.  Two-dimensional  models  are  beginning  to  be  ^plied  to  perturbation  problems  but  there 
are  many  interesting  problems  with  their  formulations  of  atmospheric  dynamics  that  are 
discussed  in  Chapter  2.  One-dimensional  models  remain  the  basic  diagnostic  and  prognostic 
tools  in  stratospheric  research.  The  one-dimensional  models  used  in  the  following  discussions 
compute  altitude-dependent  concentrations  that,  in  general,  represent  a hybrid  between  a 
^obal-seasonai  average  and  instantaneous  values.  This  is  because  the  transport,  represented  by 
the  diffusion  coefficient,  is  usually  determined  from  measurements  of  a long-lived  tracer  such  as 
N2O.  The  observed  distribution  of  N2O  represents  the  results  of  the  entire  global  circulation 
and  in  that  sense  the  transport  has  been  globally  averaged.  On  the  otlter  hand  the  photo- 
dissociation coefficients  which  drive  the  rapid  photochemistry  are  usually  taken  as  instantaneous 
values  at  about  30**  latitude  during  either  equinox.  Thus  the  chemical  constituents  that  are 
mainly  photochemically  determined  are  calculated  with  instantaneous  photodissociation  values 
from  globally  averaged  source  gases.  The  representativeness  of  these  models  and  the  problems 
associated  with  their  use  have  been  discussed  in  many  publications  (e.g.  UK-DOE  Poll.  Papers 
P5,  1976;  #15,  1979;  NAS,  1975;  NAS,  1976;  NAS,  1979;  NASA  RP-1010,  1977;  NASA  KP  1049,  1979). 
In  this  chapter  one-dimensional  models  are  the  primary  tools  used  for  perturbation  analysis. 
Two-dimensional  models  are  used  to  illustrate  some  of  the  expected  seasonal  and  latitudinal 
variations  in  computed  perturbations. 

The  chapter  begins  with  a discussion  of  a series  of  individual  perturbations.  These  are  hypo- 
thetical perturbations  determined  by  model  computation  in  which  it  is  assumed  that  one 
particular  input  or  set  of  inputs  to  ti>e  model  (e.g.,  chlorofluorocarbon  release)  is  changed  while 
all  others  are  held  constant.  The  model  then  is  usually  integrated  until  a steady-state  is  reached 
and  the  o^'-one  concentration  is  compared  to  a similar  calculation  without  the  perturbation.  The 
set  of  hypothetical  perturbation  calculations  considered  include  doubling  the  input  flux  of  N2O, 
doubling  the  CO2  concentration,  injecting  a steady  flux  of  NO^  at  a specific  altitude,  and 
combinutions  of  these.  These  perturbations  are  called  hypothetical  because  they  do  not  re- 
present any  experiment  actually  being  done  in  the  atmosphere  in  that  it  is  impossible  to  hold  all 
other  parameters  constant  in  the  real  atmosphere.  The  difficulty  in  interpretation  lies  with  the 
choice  of  realistic  scenarios.  Two  years  ago,  when  calculations  showed  the  sensitivity  of 
stratospheric  ozone  to  chlorine-only  injections  to  be  Wgh  and  to  NO^  injections  to  be  very  low, 
the  simple  CFC  release  scenario  v^med  to  be  adequate.  As  will  be  seen  the  computations  now 
indicate  an  intermediate  sensitivity  to  each  thus  nx^uiring  careful  consideration  of  both,  and 
others,  in  determining  the  expected  ri.‘Sponse  of  the  atmosphere  to  human  influence.  Never- 
theless study  of  the  effects  of  individual  perturbations  serves  as  the  basic  reference  p>oint  in 
understanding  the  complex  interactions  of  simultaneous  multiple  perturbations  Thus,  after 
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consideration  of  the  model  response  to  individual  perturbations,  combinations  of  these  per- 
turbations are  considered.  As  will  be  seen,  the  results  for  individud  perturbations  are  changing 
as  our  understanding  of  the  underiying  chemistry  changes  as  also  are  the  results  for  the 
non-linear  addition  rules  for  combinations  of  perturbations.  These  combined,  yet  still  idealized, 
perturbations  then  form  the  basis  for  dialyzing  and  understanding  the  results  of  the  more 
reasonable  time -dependent  scenarios  that  are  considered.  The  time-dependent  scenarios  offer 
two  types  of  results.  The  first  is  prediction  of  how  ozone  i^id  other  constituents  should  have 
changed  up  to  the  present  time  due  to  changes  known  to  have  occurred.  These  results  provide 
p<Mentially  testable  hypotheses  which  can  be  examined  so  as  to  evaluate  our  understanding  of 
the  mechanisms  responsible  for  changes  in  atmospheric  ozone.  The  second  type  of  result  is  for 
possible  future  scenarios.  These  latter  are,  of  course,  highly  dependent  on  assumptions  as  to 
the  future  development  of  various  sectors  of  the  world  economy  and  can  only  be  used  as  a guide 
to  some  of  the  possible  directions  which  may  become  important.  These  future  scenarios  do 
point  out  the  need  for  careful  examination  of  the  question  of  detection  thresholds  even  when 
the  current  record  is  not  sufficient  to  provide  an  observable  effect. 

In  order  to  provide  a framework  for  testing  hypotheses  which  emerge,  the  ozone  record  is  then 
examined.  For  this  purpose  it  is  necessary  to  identify  and  isolate  the  ma.ior  'natural*  processes 
affecting  the  long  period  ozone  variations  and  to  determine,  from  observations,  whether  or  not 
theoretically  predicted  ozone  changes  resulting  from  human  activities  can  be  verified. 

For  any  time -depen  dent  phenomenon,  its  time  series  can  be  analyzed  and,  to  within  some  degree 
of  confidence,  the  characteristic  variations  of  the  time-dependent  variable  can  be  described,  even 
if  no  specific  suggested  mechanism  for  the  origin  of  these  variations  is  put  forward.  If,  on  the 
other  hand,  a particular  causative  mechanism  or  set  of  mechanisms  is  hypothesized,  the 

hypothesis  could  be  tested  with  the  observed  time  series.  The  questions  that  need  to  be 
answered  in  this  chapter  are: 

• What  are  the  best  estimates  of  past  time  dependent  variations  of,  (a)  ^obally  averaged  total 
ozone,  and  (b)  upper  tropospheric  and  stratospheric  ozone.  Are  there  geographic 
differences  in  these  variations? 

• What  are  the  overall  uncertainties  of  these  'observed'  variations? 

• Are  photochemical  model  predictions  and  statistical  model  estimates  from  the  ozone  record 
consistent? 

• What  are  the  thresholds,  timescales,  and  limitations  for  the  detection  of  the  effects  of  human 

influence  on  ozone  changes  when  these  effects  are  considered  either  separately  or 

simultaneously? 

In  evaluating  long-term  (over  10  years)  trends  of  ozone  due  possibly  to  historical  releases  of 
CfCs,  concern  is  with  a predicted  average  decrease  of  total  ozone  of  about  1 % over  the  globe 
most  of  which  occurs  during  the  last  decade,  and  a maximum  decrease  of  the  ozone 
concentration  at  a height  of  40  km  of  about  5%  during  the  same  period.  Because  of  the 
sensitivity  of  the  ozone  vertical  profile  to  many  of  the  suggested  possible  photochemical  and 

solar  induced  perturbations,  it  is  imperative  that  time  series  analyses  of  the  vertical  ozone 

profile  be  made.  Unfortunately,  in  the  historical  dtta,  the  observational  precision  and  spatial 
coverage  of  the  total  ozone  measurements  are  much  better  than  for  the  vertical  ozone  profiles. 
Hence,  initial  analyses  have  concentrated  on  the  total  ozone  variations.  With  extension  of  the 
vertical  ozone  profile  data  base,  particularly  through  the  approaching  availability  of  long-term 
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satellite  information,  this  disparity  will  be  substantially  alleviated  eid  the  problem  can  be 
investigated  as  a whole* 

MODEL  PREDICTIONS  OF  POTENTIAL  ANTHROPOGENIC  PERTURBATIONS 
CHLOROFLUOROCARBONS:  FC-11  AND  FC-12 

Of  the  many  potential  human  perturbations  of  the  stratospheric  ozone  layer,  most  current  inter- 
est is  in  the  possible  effect  of  the  chloroflurocarbons  FC-11  and  FC-12.  As  has  been  pointed 
out  in  many  places  in  this  report,  understanding  of  the  key  chemical  and  photochemical 
processes  is  still  evolving.  These  changes  in  stratospheric  chemistry  have  had  a clear  impact  on 
the  comparisons  of  model  predictions  with  observations.  The  changes  have  also  affected  the 
trx)del  predictions  of  the  impact  of  chlorofluorocarbons  on  the  stratospheric  ozone  con- 
centration. The  aim  of  this  section  is  first  to  illustrate  how  these  reevaluations  have  changed 
the  steady  state  ozone  depletion  estimates  with  as  many  of  the  other  model  inputs  as  possible 
held  constant.  Further  attention  is  then  directed  to  estimates  of  the  present-day  total  ozone 
column  depletion  and  the  variation  of  these  depletion  estimates  with  altitude,  latitude,  and 
season. 

Table  3-1  shows  model  results  obtained  by  10  different  investigators  for  the  ^fect  of 
chiorofluorocabron  release  on  the  total  column  amount  of  ozone  assuming  no  other  atmospheric 
changes.  Two  o^lumns  of  results  are  shown:  The  first  is  the  computed  change  in  1960  as 
compared  to  a pre-1970  level  obtained  by  varying  the  CFC  emission  rate  wi.h  time  according  to 
historical  release  rate  estimates;  the  second  is  the  computed  change  when  steady-state  is 
reached  with  continuous  CFC  emission  at  about  1976  levels.  The  emission  leveis  are  not  exactly 
the  sanie  in  each  model  but  are  probably  not  more  than  10%  different.  Four  (X>ssibilitie$  were 
considered  for  the  chemical  kinetics  input  data.  These  are  labeled  A through  D in  the  table  and 
are  approximately  historical.  They  specifically  are  the  following: 

Case  A:  The  recommendations  of  the  NASA  Panel  on  Chemical  Kinetics  in  1979  as  reported  in 
NASA  RP  1049.  The  major  features  of  this  set  of  chemical  reaction  rate  coefficients  relative  to 
the  later  sets  are  the  slow  rates  for  HO  ♦ HNOj  and  HO  ♦ HNO4.  Models  with  this  set  give  large 
(>10*  cm“3)  HO  concentrations  throughout  the  lower  stratosphere. 

Case  B:  The  updated  recommendations  of  the  NASA  Panel  in  December  of  1900  as  reported  in 
JPL  81-3.  A major  change  is  the  faster  rate  for  HO  ♦ I1NO3  (1.5x10“^^  e *^/T)  and  a slightly 
faster  rate  for  HO  ♦ HNO4. 

Case  C:  The  sarne  as  B with  the  rate  coefficiwt  for  HO  ♦ HNO4  increased  to  4x10"^^  cm^ 
molecule'^sec"^  and  HO  ♦ HO2  increased  to  8x10"^^  cm^molecule"^sec"^. 

Case  D:  The  recommendations  of  the  combined  NASA  and  CODATA  panels  as  reported  in 
Appendix  1 of  this  document.  This  set  icKorporates  the  faster  HO  ♦ HNO4  and  HO  HO2  of 
Case  C,  slower  CIONO2  formation  and  nun>erous  small  changes. 

Although  the  photochemical  input  has  been  standardized  in  this  sequence  of  runs  no  concerted 
effort  w»  made  to  standardize  the  other  model  aspects  such  as  boundary  conditions,  transport 
parameters,  or  solar  flux. 

The  results  for  steady-state  column  o^one  change  show  a consistent  variation  among  the  various 
models  in  that  relatively  large  ozone  depletions  were  obtained  with  case  A,  declining  to 
significantly  smaller  values  for  B and  then  C,  then  increasing  somewhat  for  case  D.  As  indicated 
in  Chapter  1 the  principai  driving  force  in  the  changes  is  the  modification  in  the  computed  HO 
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Table  3-1 

Percentage  Change  in  Total  Ozom  Cohunn  for  1980  and  at  Steady  State  Resulting 
from  the  Cmitinued  Release  of  FC-1 1 and  FC-12  at  1976  (or  c<Knparable)  Levels 


Investigator 

Status  of  ChunisUy 
Input  Dsu 

Chai^by 
1980  (%) 

Chugeat 
Steady  State  (%) 

Sze(A£R) 

A 

•16 

-16.0 

B 

•0.9 

-8.2 

C 

-4.7 

D 

•06 

6.1 

Wuebbles(LLNL) 

A 

•19J 

B 

_ 

-9.5 

C 

— 

6.1* 

D 

•06 

-5.0 

Derwent  (AERE) 

A 

•17.4 

B 

— 

-10.7 

C 

-0.7 

•7.2 

D 

-0.7 

6.5 

Uu(NOAA) 

C 

■0.8 

-7.0 

D 

-0.5 

-4.5 

^r  (Du  Font)  ID 

A 

— 

•24.** 

B 

-0.7 

-11.0 

D 

-0.5 

•7.0 

D 

-06^^^ 

— 

2D 

B 

-1.4^^^ 

•10.0 

D 

■0.9^^^ 

6.2 

Candle  (EERM) 

A 

-2.0 

-16.5 

B 

•0.9 

-9.9 

D 

•0.7 

-7.0 

Logan  (Harvard) 

A 



•18.0 

D 

- 

.7.2** 

Brasseur  (IAS) 

C 

•0.9 

4.0 

ID 

D 

-1.1 

4.8 

2D 

D 

- 

-7.0 

Isaksen  (U.  Oslo) 

B 

-1,4 

-11.0 

Stotarski  (NASA) 

A 



-15.8 

B 

— 

■10.2 

C 

— 

6.6 

D 

6.7 

Turco/Whitten  (RAD/NASA)  A 

-16.0 

B 

•IJ 

■11.0 

* Hu  lic'v  QONO2  fomu^ion  rate. 

**  Indicates  that  a change  in  profile  hu  been  made  over  and  above  changes  in  chemistry. 
•••Includes  perturbations  due  to  methyl  chloroform  u well  u FC-1 1 and  FC-1 2. 


See  text  for  description  of  Cases  A through  D. 
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concentration  in  tire  lower  stratosphere  where  It  has  never  been  measiired.  Ihe  upward  swing  in 
the  computtxi  otone  depletions  between  cases  C and  D results  prinrarily  from  changing  from  a 
fast  fornration  rate  for  CIONO2  to  a slower  formation  rate.  These  correspo^rd  to  the  fast  and 
slow  rates  sliown  In  NASA  RP  11)49  and  in  I PL  81 -T.  When  the  slower  rate  is  used  in  case  D it  is 
also  assumed  that  the  isomeric  products  formed  when  CIO  and  NU2  interact  at  the  faster  rate  are 
rapidly  photodissociated  with  no  effects  on  the  chemistry.  This  progression  of  steady-state 
nxrdel  results  is  illustrated  in  Figure  3-1  where  the  bars  represent  the  range  of  model  results  for 
each  of  the  evaluations.  The  1979  evaluation  for  the  NASA  RP  1049  chemical  kinetics  shows  the 
originally  quoted  range  of  IS  to  19%.  The  result  in  Table  3-1  for  Miller  indicates  a number  of  24% 
irKluding  a reevaluated  diffusion  coefficient  profile.  The  major  effect  of  thij  new  slower 
diffusion  coefficient  is  to  increase  the  effective  residence  time  of  tire  fluorocarbons  thus 
increasing  their  calculate\l  concentrations  at  stividy-state  and  heiKc  the  predicted  ozotH* 
tfepk'tion.  This  is  an  illustration  of  the  sensitivity  of  these  depletion  calculations  to  transport; 
this  sensitivity  is  discussed  in  rnore  detail  later  in  this  chapter.  One  point  to  note  in  Figure  3-1 
is  the  relative  avistancy  of  the  absolute  wilue  of  th«*  rangt'  of  irxidel  results  from  evaluation  to 
evaluation  at  - 1 to  4%.  This  is  a measure  of  the  precision  of  the  existing  miKlels  when  th«'  same 
chemical  kinetics  is  assumed.  The  question  of  overall  uncertainty  is  asnsidered  later  in  the 
chapter. 
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Figurt  3 1.  Th;>  vanation  i.n  stvady  stata  total  ozone  depletion  estimates  due  vo  CFC 
release  caused  by  the  laevaluations  in  certain  rate  coefficients. 


Table  .1-2  shows  a longer  view  of  the  history  of  the  impact  of  ntajor  revisions  in  thi*  ciremical 
kinetics  input  data  lmi  total  ozone  depletion  estiirvites  for  thr>  steady-state  release  of  FC-11  and 
FC-12  .IS  determined  by  the  LLNL  1-D  model  (also  see  Figure  3-14).  (Generally  S|)eakin|^  the 
magnitudi-  of  tlie  predictions  from  tlie  (perturbation  expr»ri irunit s is  in  the  S to  9%  range,  which  is 
alxnit  thi*  sami'  ,is  w.is  obtaintxl  during  the  1976-1977  (seriod.  In  the  intervening  peruxl  the 
results  have  risen  by  iHMrIy  a factor  of  tlirei*  and  tlien  fallen  back  liy  about  the  same  factor.  Mso 
shown  in  the  figure  an»  th«*  concurrent  results  obtained  for  tlie  (perturbation  experiment  In  which 
N^O  at  tlie  kpwer  Ixiundary  is  dipubled.  These  results  show  .ilnnpst  an  inwprse  hi>havior  because 
MO  affects  the  NO^  cycles  in  the  opposite  nunner  to  its  effect  »>n  the  CIX  cycles.  Ibis  is 
discussed  in  more  ifetail  when  NO^  (perturl>ations  .ire  ainsiifered. 
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Tible3-2 

Chanie  in  LLNL  Qne-Diin«MkinM  MoM  Gdculatiom  Sbice  I97S  of  Expactnd  Effect  on 
Totd  Otone  From  Constant  ErMooi  of  FC')  1 and  FC42 
Cater  calculations  includes  GHjCGI^  Mso) 
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These  changes  in  the  moiiel  aimputed  response  of  the  total  cxilunnn  of  ozone  to  a QC 
(>erturhation  are  not  simply  a scaling  downward  of  the  effect  at  all  altitudes  but  have  been  a 
result  mainly  of  changes  in  the  bwer  stratosphere.  This  is  shown  in  Figure  3-2a  for  both  the 
eventual  steady-state  and  for  the  change  up  to  present  day,  i.e.,  19B0,  Tlie  major  effect 
predicted  is  a decrease  centered  about  40  km  with  very  small  effects  in  the  bwer  stratosphere. 
\tost  models  in  fact  show  a slight  increase  centered  around  20  km  as  illustrateti  by  the  l.LNL 
results  in  tire  figure.  The  effects  of  the  reaction  rate  changes  are  shown  by  cotr^arison  to  Figure 
3-2b  which  is  taken  from  NASA  RP  1049  showing  a significant  decrease  in  tire  lower  strato- 
sphere. In  fact  the  absolute  decrease,  also  shown,  has  a second  fwak  in  tire  lower  stratosphere 
which  is  larger  than  the  upper  stratospheric  (reak.  The  current  calculations  have  a net  increase  in 
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Figure  3-2a.  The  percer^tege  change  in  the  local  otone  concentration  at  each  altititude  for  the  present 
day  (-  - -I  and  steady  state  ( — ) for  continuous  release  of  FC-11  and  FC-12. 

ILLNL  I D Model,  May  1981,  NASA  Chemistry,  LLNL  K^). 


OZONE  CONCENTRATION  CHANGE  (10”cm  3) 


RELATIVE  OZONE  CHANGE  1%) 


Figure  3-2b.  Predicted  ozone  reductions  as  a function  of  altitude  using  case  A chemistry 
(from  NASA  RP  1049,  19791. 
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the  lower  stratosphere  causing  some  cancellation  cf  the  i^per  stratospheric  decrease.  It  is 
worth  emphasizing  that  the  upper  stratospheric  predicted  decrease,  centered  around  40  kn\  has 
been  a i^atively  constant  feature  of  the  model  calculations.  The  calculated  decrease  M 
steady-state  is  now  about  35%,  a value  which  has  changed  little  with  the  recent  reevaluations  of 
HO^  chemistry.  This  is  because  most  of  the  more  (kastic  reevaluations  have  involved  reactions 
with  molecules  such  as  l-B^O^  and  HNO4  which  are  formed  via  3-body  reactions  and  are  thus 
much  less  frequent  in  the  upper  stratosphere.  The  upward  revision  of  tlie  HO  * HO2  rate 
coefficient  by  a factor  of  2 has  had  some  effect  but  this  is  minimized  by  the  fact  that  the  HO 
concentration  (which  directly  affects  the  CIX  destruction  efficiency)  varies  only  with  the  square 
ro«^  of  this  rate  coefficient. 


As  has  been  mentioned  above  the  transport  parameterization  may  contribute  significantly  to  the 
uncertainty  in  both  the  steady-state  value  of  ozone  depletion  and  the  time  evolution  of  the 
approach  to  steady-state.  The  major  effect  of  the  transport  coefficient  on  the  steady-state 
ozone  depk  -ion  is  through  its  effect  on  the  effective  atmospheric  residence  times  of  the  injected 
fluorocarbons.  The  longer  the  effective  residence  time  the  larger  the  steady-state  fluorocarbon 
concentration  which  in  turn  leads  to  more  CIX  and  more  ozone  destruction.  Table  3-3  illustrates 
the  effect  of  a number  of  transport  parameterizations  in  several  models.  The  transport 
coetficient  profiles  were  derived  to  fit  some  aspect  of  the  observed  N2O,  CH4,  FC-11  or  FC-12 
profiles  with  altitude  or  the  removal  of  radioactive  carbon  14  formed  during  nuclear  tests.  The 
transport  coefficient  profiles,  K^,  are  shown  in  Figure  3-3. 


Table  3-3 

The  Effect  of  Transport  Parameterization  on  the  Calculated 
Atmospheric  lifetimes  of  FC-1 1 and  FC-T2 


lnv«stigaiur 

Kj  t’Tonie 

Rof. 

Lifitiinc.  Vein 

FC  11 

FC  12 

Wucbblci 

China (1976) 

A 

65 
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D 

57 

126 

China  (1976) 

A 

55 
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Hun  ten 

B 

93 
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Metcuroloaicil  UfTice 

89 
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thhiU 

64 
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MlUer(IU) 

Du  Puni 

75 

139 

CD) 

60 
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Uu 

85 
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AtR(2-U) 

H 

62 

118 

A 

NAS  (1976) 

ii. 

MiUir.C  Mil.  (1979) 

B 

Jahntion  it  il.  (1976) 

F 

MilHi.C.  It  al.  (1981) 

C 

Giomit  il  (1978) 

C. 

Uu,  S.  ptnonil  communiciUon 

D 

Dirwcnt  tnd  CuiiB  (1981 ) 

H. 

Sic,  D.  pinanil  communtcatlon 

Altitude  (km) 
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Kz.m^  s"' 


Figure  3-3.  The  veriation  of  the  vertical  eddy  diffusion  coefficient,  K^,  with  altitude. 

KEY: 

A,  Hunten;  B.  Chang  (1374);  C,  Ehhalt;  D,  Chang  (1976);  E.  Brasseur  (max); 

F,  Meteorological  Office;  G,  from  global  mean  observations  of  N2O;  H,  Ou  Pont. 
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Not  only  is  the  steady-state  computed  ozone  deptetion  sensitive  to  transport  parameterization, 
but  so  also  is  the  rate  of  approach  to  that  steady-state.  The  direction  of  the  sensitivity  is 
somewhat  different  in  that  slower  transport  coefficients  lead  to  larger  steady-state  ozone 
dep'tt’ons  but  they  also  give  a slower  approach  to  that  steady-state.  This  can  be  seen  in  Table 
3-1  where  the  range  of  estimates  for  the  destruction  of  ozone  by  CFCs  up  to  19B0  is  0.5  to 
0.9%.  This  range  is  very  similar  to  the  range  in  steady-state  estimates  of  5 to  9%  despite  the 
added  uncertainty  or  the  time  response.  Table  3-4  investigates  the  problem  of  time  response 
somewhat  further.  This  table  uses  the  total  odd  chlorine  (CIX)  in  the  upper  stratosphere,  i.e., 
at  50  km,  as  an  index  of  the  total  column  ozone  depletion  that  the  model  would  calculate. 
Shown  in  the  table  are  the  trends  in  total  chlorine  per  decade,  as  predicted  with  the  AERE 
Harwell  1-D  model  due  to  FC-11  and  FC-12  release  alone,  using  the  historic  release  estimates  of 
Alexander  Grant  (1960)  followed  by  a constant  at  1979  values  after  1979.  Each  entry  in  the  table 
is  the  amount  of  odd  chlorine  added  to  the  upper  stratosphere  during  the  given  decade  due  to 
FC-11  and  FC-12  release.  This  is  further  illustrated  in  Figure  3-4  which  shows  the  calculated 
time  evolution  of  the  change  in  the  ozone  column  in  three  different  models  assuming  constant 
emission  rates  beyond  I960. 


TaUe  34 

Past  and  Near-Tern)  Trends  in  Stratospheric  Odd  Chlorine  Due  to  the 
Release  of  FC-1 1 and  FC-12  Using  AERE  HarweU  1-D  Model 


Change  in  Total  Odd  Chlorine  at  50  km  in  ppb/decade 

K 

j Profile 

Period 

N20 

Chang 

Chang 

Hunten 

Ehhalt 

Brasseur 

Met. 

Office 

Kz 

(1976) 

(1974) 

(max) 

1940-1949 

.003 

.003 

.001 

.001 

.003 

.005 

.001 

1950-1959 

.040 

.042 

.016 

.025 

.040 

.052 

.027 

1960-1969 

.167 

.173 

.086 

.120 

.170 

.200 

.126 

1970-1979 

.538 

.545 

.332 

.432 

.550 

.565 

.450 

1980-1989 

.538 

.518 

.595 

.630 

.574 

.403 

.634 

1990-2000 

.458 

.443 

- 1 

.572 



.576 

,495 

.337 

.570 

Another  aspect  of  the  transport  parameter! rations  which  gives  rise  to  uncertainty  in  ozone 
depletion  predictions  is  the  representativeness  of  the  14)  eddy  diffusion  transport  model.  This 
parameterization  by  its  nature  cannot  explicitly  include  the  effects  of  latitude  and  season  nor  can 
it  specifically  treat  advective  transport.  A great  deal  of  theoretical  work  is  currently  being  done 
on  determining  tite  proper  representation  of  the  transport  in  two-dimensions.  Models  in  two 
dimensions  are  clearly  the  minimum  required  to  describe  the  latitudinal,  seasonal,  and  advective 
transport  effects  in  the  atmosphere.  The  recent  developments  and  the  Status  of  such  243  models 
are  discussed  in  some  detail  in  Chapter  2.  It  was  originally  hoped  that  a detailed  comparison  of 
24)  fTiodels  with  each  other  could  be  done  for  this  document,  but  an  insufficient  number  were 
available  and  the  similarities  and  differences  in  transport  parameterizatiuns  were  not  well  enough 
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Figure  3-4.  Time  evolution  of  the  percentage  change  in  the  total  column  ozone  depletion  due  to  FC-11 
and  FC-12  from  1970  onwards 

known  to  complete  this  task.  The  results  from  tl:e  models  examined  In  this  report  and  it  the 
literature  (e.g.,  Borucki  et  al.,  1900)  indicate  a close  similarity  in  the  overall  features  between 
those  obtained  in  1-D  and  2^7  models.  See  Chapter  1 for  a comparison  of  2-D  model 
calculations  for  the  present-day  atmosphere  with  measurements. 

Figure  3-5  illustrates  the  seasonal  and  latitudinal  variations  of  the  steady-state  total  column 
ozone  depletion  due  to  FC-11  and  FC-12  release  with  no  other  changes  as  calculated  in  the  Du 
Pont  model  (C.  Miller  et  al.,  19B1).  At  high  latitudes  the  seasonal  variations  in  column  ozone 
depletion  approach  about  a factor  of  two,  from  minimum  in  the  summer  to  maximum  in  the 
winter.  At  low  latitudes  the  seasonal  variation  nearly  vanishes  and  the  ozone  depletion  value  is 
very  near  the  seasonal  mean  of  the  higher  latitudes.  The  symmetry  between  hemispheres  is  a 
direct  consequence  of  tire  assumption  of  symmetric  circulation.  This  simplifying  assumption 
precludes  the  examination  of  the  cause  of  the  observed  hemispheric  asymmetry  in  ozone  but 
should  not  significantly  disturb  the  model's  ability  to  determine  the  approximate  latitudinal  and 
seasonal  gradients  in  ozone  depiction.  These  latitudinal  and  seasonal  variations  are 
characteristically  different  from  those  reported  from  a previous  2-D  calculation  (UK-lX)t 
Pollution  Paper  No.  15,  1979).  The  previous  study  showed  a similar  seasonal  variation  at  high 
latitudes  but  a significantly  stronger  latitudinal  gradient  such  that  at  bw  latitudes  the 
steady-state  depletion  was  significantly  less  than  even  the  high  latitude  minimum.  It  is  tempting 
to  ascribe  these  differences  wholly  to  reevaluations  in  the  cheinical  kinetics  parameters  but  it 
rc'ist  be  remembered  that  the  transport  representations  of  tire  two  models  are  quite  different  and 
no  detailed  analysis  of  the  consequences  of  the  types  of  differences  between  these  models  or 
any  others  has  been  made.  The  argument  for  chemical  nature  of  the  differences  is  as  follows: 
tire  principal  changes  were  in  the  reactions  of  HNO3  and  HNO4  with  HO  serving  to  suppress  HO 
concentrations  in  the  lower  stratosphere  thus  reducing  the  chlorine  catalytic  efficiency.  Since 
HNO3  concentrations  increase  towards  the  poles  (see  Chapter  1)  and  so  presumably  do  HNO4 
concentrations,  the  suppressing  effect  of  the  reaction  rate  coefficient  evaluation  is  stronger  at 
higher  latitudes  thus  reducing  tire  previously  obtained  latitudinal  gradient. 
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Figure  3-5.  Calculated  variations  with  latitude  and  season  in  the  steady-state  total  ozone  depletion  due  to 
FC-1 1 and  FC-12  in  terms  of  the  percent  change  in  column  content  (C.  Miller  et  al.,  1981). 


OTHER  HALOCARBONS 

While  rnost  of  the  attention  in  the  past  has  been  directed  toward  the  impact  of  fluorocarbons  11 
and  12  on  stratospheric  ozone,  other  chlorine-containing  trace  gases  have  been  observed  in  the 
troposphere  and  can  potentially  contribute  to  the  stratospheric  chlorine  budget.  Historical 
release  rate  estimates  are  available  for  such  halocarbons  as  methyl  chbroform  (CH3CCI3), 
FC-113(CCl2FCCl2F),  FC-114(CCIF2CCIF2),  FC-115(C2CIF5),  carbon  tetrachloride  (CCI4), 
FC-22(CHCIF2),  and  tetrachloroethylene  (C2CI4).  These  can  be  used  together  with  a knowledge 
of  the  loss  processes  for  each  molecule  to  provide  a preliminary  assessment  of  their  possible 
impact  (Xi  stratospheric  ozone  to  determine  which,  if  any,  should  be  given  further  attention. 

Table  3-5  presents  results  from  two  1-D  models  for  the  effect  of  the  above  mentioned 

halocarbons  as  well  as  for  FC-11  and  FC-12.  In  each  case  the  quoted  ’current*  (1978,  1979  or 
1980)  release  rates  were  used  and  the  model  run  to  steady-state  with  and  without  the  release  of 
the  particular  halocarbon.  The  runs  were  for  the  )PL  81-3  chemistry  (case  B)  but  the  results  are 

not  identical  to  the  numbers  in  Table  3-1  for  FC-11  and  FC-12  because  of  the  differences  in  the 

assumed  release  rates.  An  important  general  feature  of  the  results  is  the  relatively  constant 
ratios  of  ozone  depletion  to  release  rates  for  the  fully  halogenated  halocarbons,  as  compared  to 
the  significantly  smaller  ratio  for  the  partially  halogenated  halocarbons  which  contain  an  H atom 
which  can  be  abstracted  by  HO  in  the  troposphere.  These  halocarbons,  if  released  until 
steady-state  Is  reached,  would  apparently  increase  the  predicted  column  ozone  depletion  bv' 
about  one-third.  The  increase  would  result  mainly  from  CCI4,  CCl2FCCl2F(FC-113),  and 
CH3CCI3. 
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Tlbl«3.5 

Eitimated  StMdy>^te  Total  Column  Oaone  Defdatiaii  Rawltlng 
from  the  Continued  li\jectioa  of  Mne  tialoMrboos  at  Ptaaent  Ririeaae  Ratee 


Halocarbon 

Current  Annual 
Releaae  Rate.xlO^ 
Mettk  tona/yr. 

Estimated  Steedy  State 
Ozone  Denietiofl.  % 

Derwent^ 

Wuebblet’ 

CQjF  (FCll) 

272* 

2.9 

3.0 

Ca2F2(FC-12) 

383* 

3.2 

3J 

CCI2FCCIF2  (FC-113) 

91^ 

0.7 

0.8 

CCIF^CCIF^  (FC-1  !4) 

18^ 

0.1 

0.1 

C2aF5(FC115) 

4.5^ 

0.01 

0.02 

CQ4 

00 

0.8 

1.0 

CH3CQ3 

4765 

0.2 

0.8 

C2CI4 

608^ 

0.02 

~ 

CHaF2(FC-22) 

1\^ 

0.01 

0.04 

7.9 

9.1 

^Alexander  Grant  and  Co.  (1980).  1979  release  rates. 

-Du  Pont  (1980). 

^EPA  (1980),  Metra  Gmppe  (1978). 

'^Singit  et  al.  (1979). 

^ Neely  and  Agin  (1980). 

^Bauer(1978). 

^OECD(1981). 

® These  values  were  obtained  with  the  modified  JPL  81-3  diemistry  data 
base  and  the  N-tO-K^  profile,  (Derwent  and  Curtis  1981). 

’Wuebbles(1981) 
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The  results  in  Table  3-5  are  indicative  of  only  the  efficiency  of  ozone  destruction  and  of  the 
current  release  rate.  The  inipact  of  these  halocarbons  on  the  past  ozone  trend  or  on  that  for  the 
near-term  future  depends  also  on  the  tirne  history  of  the  release  rate.  Figure  3-6  illustrates  the 
computed  time  history  of  ozone  change  for  FC-11  and  FC-12,  CCI4  and  CH3CCI3.  The  figure 
shows  that  although  CCI4  contributes  significantly  to  the  ozone  change  since  1930,  its  contribu- 
tion since  1970  is  much  smaller.  CH3CCI3,  on  the  other  hand,  has  not  yet  contributed  much  to 
the  computed  ozone  depletion  but  if  its  release  rate  continues  to  increase  rapidly  so  will  its 
importance.  Future  assessments  will  have  to  carefully  consider  the  complete  set  of  halocarbons 
in  order  to  determine  the  expected  overall  impact  on  the  ozone  layer. 
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Figure  3-6.  Time  evolution  of  the  cumulative  total  ozone  depletion  due  to  a number  of  halocarbons. 


TROPOSPHERIC  AND  LOWER  STRATOSPHERIC  AIRCRAFT 

Considerable  quantities  of  nitrogen  oxides  are  injected  into  the  atmosphere,  mostly  in  the 
Northern  Hemisphere,  by  aircraft  engines.  The  impact  of  these  emissions  has  been  studied  in 
great  detail  during  the  last  10  years  (see  e.g.,  CIAP,  1975a,b;  COMtSA  1975;  Oliver  et  al.,  1977; 
Luther  et  al.,  1979).  The  NO^  rrxjlecules  created  during  aimbustion  are  dispersed  in  the 
atmosphere  by  several  transport  processes  and  react  with  other  chemical  species.  If  a 
continuous  emission  of  NO^  is  assumed,  a steady  state  is  reached  after  a few  years  and  the 
equilibrium  time  is  thus  much  shorter  than  in  tlie  case  of  CFC  emissions. 

The  recent  reevaluations  of  chemical  kinetics  discussed  earlier  in  this  chapter  with  respect  to 
CFC  emissions  have  also  had  a significant  impact  on  the  ozone  change  computed  for  NO^ 
injections  and  hence  for  the  evaluation  of  the  effects  of  aircraft.  Table  3-6  shows  the  calculated 
total  ozone  change  for  steady-state  NO^  emissions  of  1x10®  and  2x10®  molecules  cm'^sec"^ 
distributed  over  a 1 k n thick  layer  center^  at  the  injection  altitude  for  a number  of  altitudes  of 
injection.  These  cover  the  range  of  typical  flight  altitudes  for  various  existing  and  proposed 
aircraft.  These  results  continue  to  show  ozone  a)lumn  increases  for  injections  below  17  km  but 
now  give  ozone  decreases  for  injection  altitudes  above  17  km.  This  is  in  contrast  to  the  results 
obtained  with  the  NASA  RP  1049  chemistry  (case  A)  in  which  Luther  et  al.  (1979)  calculated  a 
change  of  *1.3%  for  both  17  and  20  km  injections  of  1x10®  cm"^sec"^.  The  increases  of  local 
ozone  in  the  trofjosphere  and  lower  stratosphere  and  decreases  in  upper  stratospheric  ozone 
still  persist,  but  with  different  relative  magnitudes  than  before.  However,  the  importance  of  HO^ 


Table  3-6 

The  Change  in  Total  Ozone  (Percent)  Resulting  from  Injections 
Distributed  Over  a I-km  Thick  Layer  at  the  Injection  Altitude. 


Injection 
Altitude  (km ) 

NOjj  Injection  ( A ) 
Rate  (cm‘'^s’^) 

LLNL 

1C,  Chang,  1976 

NOAA<*> 

Liu 

AER 

Sze 

NASA/CODATA 
(C^  D) 

LAS 

Braneur 

NASA/CODATA 

(CaaeD) 

JPL8I  3 
(Case  B) 

N ASA/CODAT  A 
(CaaeD) 

9 

2x  10® 

tO.5 

_ 



1! 

2x  10® 

+0.8 

_ 





— 

— 

13 

2 X 10® 

+0.9 



— 

— 

— 

-0.7 

17 

1 X 10® 

+0.01 

-0.9 



4.M. 

— 

-1.8 

2x  10® 

•0.7 

■2.2 

— 

-2-7 

20 

1 X 10® 

-2.0 

-3.4 

-6 

-8 

— 

-3i» 

2x  10® 

- 5 .3 

-7.1 

— 

— 

-6.2 

-64 

(11 


Lower  boundary  of  the  model  is  located  at  10  km.  No  tropospheric  impact  in  the  model. 
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catalytic  cycles  has  been  reduced  by  the  recent  chemistry  modifications,  particularly  due  to  the 
rwe  changes  for  HO  ♦ HOj,  HO  ♦ HNO^  HO  ♦ H2O2,  and  HO  ♦ HNO4,  which  result  In  reduced 
HO^  levels*  Because  of  these  reduced  HO^  levels,  the  positive  changes  in  ozone  pre^ously  found 
in  the  bwer  stratosphere  due  to  NO^  injeaions  are  greatly  reduced.  Also,  the  relative 
importance  of  the  NO^  catalytic  cycle  in  the  upper  atmosphere  Iws  Increased.  Figure  3-*7  shows 
the  local  changes  in  ozone  calculated  corresponding  to  an  injection  of  10^  NO^  molecules 
cm"^sec"^  at  17  and  20  km.  Figures  3-8  and  3-9  show  the  change  In  total  ozone  column  expected 
for  variations  of  the  17  and  20  km  injection  amounts  from  zero  to  2x10®  molecules  cm”2$flc"^  of 
NO^.  For  emissions  located  at  17  km,  the  net  increase  which  is  found  for  the  )PL  81-3  chemistry 
for  injection  rates  less  than  10®  molecules  cm~^scc~^  disappears  with  the  adoption  of  the 
NASA/CODATA  chemistry.  The  20  km  injection  produces  a net  reduction  In  ozone  for  all 
injection  rates  and  for  the  two  chemical  schemes.  While  the  chanw  in  ozone  is  nonlinear  for 
both  the  17  and  20  km  flight  dtitude  at  injection  rates  less  than  10®  molecules  cm'^sec'^  both 
are  nearly  linear  at  injection  rates  higher  than  this. 

In  order  to  estimate  the  effects  of  current  and  projected  jurcraft  fleets  the  above  information 
about  the  effects  as  a function  of  altitude  of  injection  and  magnitude  of  injection  must  be 
combined  with  the  injection  rate  versus  altitude.  As  an  example  Table  3-7  gives  the  NOjj  emission 
rates  corresponding  to  a high  estimate  of  a 1990  subsonic  and  supersonic  fleet  (Oliver  et  al., 
1977)  as  a function  of  injection  altitude.  Adopting  these  emission  rates,  Luther  et  al.  (1979) 
calculated  a net  increase  of  2%  in  ozone  for  the  1990  fleet,  using  the  LLNL  K^.  The  change  in 
total  ozone  with  the  NASA  1980  cherrxstry  is  now  found  to  be  ♦1.3%  with  the  LLNL  K^* 


CHAMGE  IN  UXUkL  OZONE  IX) 


Figure  3-7. 


The  percent  change  in  the  local  ozone  concentration  for  the  steady-state  NO^  injection  of 
10®  molecules  cm'^sec'^  in  a 1 km  layer  at  about  17  sm  (•  ■ ■)  and  20  km  ( — ). 


Change  in  total  ozone  column 
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Figure  3*8.  Ptrcent  change  in  the  total  ozone  column  for  NO,,  injection  in  a 1 km  thick  band  centered  at 
17  km  as  a function  of  Am  maiKiitude  of  the  injection  in  10^  molecules  cm'^  s'^  for  tveo 
chemical  rate  coefficient  sett. 


Fi(^e  3-S. 


Percent  change  in  the  total  ozone  column  for  injection  in  a 1 km  thick  bartd  at  20  km  at  a 
function  of  the  magnitude  of  the  injection  in  ICr  ntoleculet  cm'^t'^  for  two  dtemical  rata 
coefficient  sett. 
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Table  3-7 

Projected  1990  Aircraft  Emtsiians  of  NOj^  (CBiver  et  al.,  1977,  High  Estimate) 


InjecUtm  Altitude  (km) 

Injection  Rate  Totid  Fleet 
(mrd^ules  cra'V^) 

6 

90 

7 

179 

8 

265 

9 

665 

10 

1167 

11 

1161 

12 

520 

13 

75 

14 

18* 

15 

18 

16 

33 

)7 

43 

18 

29 

19 

8 

•Emissions  from  the  projected  1990  SST  fleet  are  included  at  14  km  and  above. 


Table  3-8  summarizes  the  published  results  from  a r»umber  of  1-D  and  2-0  models  for  various 
fleet  estimates.  The  1990  high  estimate  has  already  beett  shown  in  Table  3-7.  The  1990  low 
estimate  is  also  taken  from  Oliver  et  al.  (1977).  The  various  1975  to  1900  fleets  are  explained  in 
each  of  the  references  quoted  in  the  table.  The  key  result  is  that  all  of  these  estimates  are  for 
total  ozone  increases  in  the  1900  to  1990  period  with  the  largest  increases  located  in  the  8 to  10 
km  altitude  region. 


Table  3-8 

Summary  of  Various  Estimates  of  Ozone  Changes  from  Subsonic  Aircraft 


Injection 

Percentage  Otangc  in 

Invtriiigaiion 

T>pc 

0» 

Model 

Ptrturbition 

Rate, 
kgyr' 
(as  NO,) 

Total  Column 
at  3019 
annual  mean 

Local  Ozone 
at  30"N 
8-10  kin 

i&akscn  { 1^H0> 

;u 

) /90hii(h 

4.855  X 10^ 

♦ IS.OJ 

Uli,  Mcl  «rlanJ 

Mihlmui  wd  L* v>  1 1 980) 

ID 

1980  low 

1.845  X 

+1.5  • ♦3.0% 

♦15-.i0% 

Luihcr.  (.lung,  L>ucwci. 

ID 

1990  high 

4.855  X 10^ 

+ 1.86% 

+27.0.1 

linnet.  T»rp  uid 

1990  low 

3.078  X 10** 

+ 1.29% 

♦ 18.5% 

WucbMo 

1979 

1.1  X 10^ 

+0.5% 

- 

Hidilgo  ind  ('[uucn  (Hr?) 

;i> 

1990 

2 0t)x  lo"* 

♦0,63 

+ 12.0(v 

Derw«nt (I9HI) 

:-u 

1975 

1990 

4.855  X 10*^ 

4.855  X lo’ 

+0.28% 
♦ 1.81% 

+2.0'% 
+ IS,4% 

Wucbbl«$.  personal 
cuinmunKation  (1981) 
(NASA,'(  ODAT.A  (Tjenmtfv  I 

ID 

1990  high 

4.855  X 10** 

+1.02% 

■^20.0% 

L- 
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Table  3-9  provides  * summary  of  various  LLNL  assessments  of  the  effects  of  aircraft  operations 
based  on  injection  of  2x10°  molecules  (NO)  cm"^sec“^  distributed  over  a 1 km  thick  layer 
centered  at  17  or  20  km.  The  results  are  based  on  published  calculations  made  with  the  LLNL 
one-dimensional  model  since  n^d-1974.  These  results  demonstrate  the  wrnbmed  effects  of  the 
evolution  of  the  understanding  of  stratospheric  chemistry  and  evolution  of  the  treatment  of 
physical  phenomena  in  the  one-dimensional  model.  It  is  interesting  to  note  that  when  the  effect 
of  NOy  on  o/one  is  enhanced,  the  effect  of  chlorine  Is  reduced  and  vice  versa  (see  Figure  3-14). 
The  balance  between  these  two  actions  is  related  to  the  concentration  of  HU  radicals  in  the 
lower  stratosphere  which  thus  plays  a central  role  in  this  problem.  The  new  rate  constants 
which  have  hee*r  recently  Introduced  in  the  models  load  to  lower  concentrations  of  the  hydroxyl 
radicals  and  tl>erefi«re  to  a higher  sensitivity  oi  o<one  to  aircraft  and  a lower  sensitivity  of  o£one 
to  CFC  relea^js. 


Figure  3-lU  shows  the  kx:ai  change  in  ozotre  corresponding  to  the  17  km  injections  and  obtained 
for  several  schemes  dating  from  early  1975  to  the  present.  Only  t»egative  changes  in  k>cal  ozone 
are  found  in  the  early  1975  results.  By  late  1975  the  iMSitive  region  in  the  lower  atinosphere  duo 
to  increased  importance  of  IK)y  had  igipeared.  This  increased  importance  was  due  to  the 
reduction  in  tire  evaluation  of  the  IK)  11O2  rate  coefficient  from  2x10“^^  to  2x10“^^  enr* 
molccules"^sec“^.  The  resulting  larger  HO  concentrations  then  cause  a higher  fraction  of  tlw 
injected  NO^  to  lx?  stored  as  HNO.i  and  thus  mit  available  for  catalytic  destruction.  The 
smog-like  reactions  of  MO2  generated  from  CH4  oxidation  are  thus  lietter  able  to  compete  .vith 
catalysis.  Tlx‘  major  change  shown  in  tlie  early  19fi0  curve  Is  causetf  by  the  iiKiiusion  of  the 
revised  much  faster  HU2  ♦ NO  reaction  rate  a>efflciet'.t.  I his  fast  rate  Qk'fficlem  Iras  been  used 
since  1977  as  illustrated  in  Table  3-9. 


This  reaction  further  increased  the  lower  stratospneric  HO  concentration  and  caused  a 
significantly  stronger  coupling  to  exist  bi*tween  tlw  NO^  and  110^  cycles.  It  was  tx»t  until  this 
time  that  an  increase  in  the  total  o/one  colunin  was  calculated.  As  discusst'd  earlier,  tlw  more 
recent  changes  have  somewhat  reversed  this  trend  by  causing  a reduction  in  lower  stratospheric 
MO  and  a consoquent  cMihancemerU  in  the  relative  importance  of  the  NO^  catalytic  cycles. 


Figuts  3 10.  Local  change  in  o/una  couespomimg  to  17  km  iniectiom  lot  savaral  chamical  sc.homos  liom 
oailv  1975  to  tha  pitwnt. 
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The  historic^  record  shows  tivtt  model  predictions  have  chmged  significantly  over  the  last  6 
V'ears*  Although  the  understanding  of  the  chemical  and  physical  processes  that  determine  the 
oxone  distributions  in  the  troposphere  and  str^osphere  has  greatly  improver^  it  is  not  obvious 
that  similar  changes  in  model  sensitivity  might  not  occur  in  the  future* 


Table  3<9 

Change  in  LLNL  One-Dimensionai  Mottel  Calculations  of  Expected 
Effect  on  Total  Oxone  from  NO„  EmMons  at  17  and  20  km  at  a 
Cofistant  Emksion  Rate  of  2x10^  Molecules  cm'Vv 


Qittof 

EvtliMlton 

1 1 0)(%)  for  y^tioQ  tt 

Cnmmanta 

TTBS 

anus 

mi«i-I474 

EM 

■10.2 

batad  gn  Cl  AF  Mgno87ara>  (*(*9  Oiai«8 
and  iohnaton.  19741 

•wty  J97S 

5J 

•112 

baaad  nn  CIAT  (1975b): 
minor  chamicai  chanfaa 

mtdl975 

4 J 

■9.8 

baaad  on  Ouawti  al  al.  (1977),  uacd 

(3un8  (1974)  Kj.  NBS  866  chcmlitry, 

faat  HO  ♦ HO. 

* 

raid-  «o  Uw  1975 

•18 

$.2 

uma  aa  above  with  dow  HO  ♦ HO . 

Uw  197$ 

-1.1 

3,5 

tame  aa  aboc*  w)Ui  NOj  ♦ ho  • 
NOj^O 

mid- 1976 

■0.7 
1 J 

2,^ 

1 

1 

4: 

baaad  on  UiilMt  (1976). 

"old"  Omiu  (1974)  K,.  no  QO^ 

"navr"  Chans  (1976)  X,:  no  QO^ 

mid- 10  lilt  1976 

■0.7 

0.3 

aama  with  1 ppb  OO^ 

mid  1977 

■1 J 

4 8 

bmed  on  UiUwi  (1977); 

NASA  RF-lOIOchamiiiiy.ilow  HO^  ♦ NO 

mid-  to  laic  1977 

+2.0 

♦0$ 

(ail  HO^  ♦ NO 

mtd  I97S 

♦.»  2 

♦3  6 

baaed  on  Uithai  (1978). 

NBS  5 1 3 cliainlairy  axcapi  mooii'tad 
HOja  0,.  HOj  ♦ NO,  1 2 ppb 

cailv  1970 

♦26 

*2  2 

baaad  on  Luihaiai  al  (1979).  NASA 
3PL  chamlairy 

nud-1979  ((aic  A) 

♦ 20 

♦1 1 

NASA  RH  1049  <hemuuy 

ciriy  1980 

♦ 17 

♦0.6 

lama  with  minor  chamialiy  c)iaii(ti 

Uclobai  1980 

03 

4 5 

with  naw  HO  ♦ HNOj  (Wina  at  al..  1980) 

UactmlMi  1980  (Cati  B) 

0.7 

5 3 

with  naw  NASA  chomlatry 

l*ay  1981  (('ait  m 

^ 1 9 

■7  1 

with  naw  NASAA'UUATA  UMmiatiy 
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NITROUS  OXIDE  (N2O)  CHANGE 

Since  N2O  is  the  principal  source  of  stratospheric  nitrogen  oxides,  possible  perturbations  in  its 
concentration  have  been  of  great  interest  in  understanding  the  possible  effects  of  human 
activities  on  ozone.  Concern  has  centered  around  the  question  of  the  intensive  use  of  fertilizers 
and  their  Impact  on  N2O  when  this  "fixed*  nitrogen  is  returned  to  the  jttmosphere  through 
nitrification  or  denitrification  (see  e.g.,  Crutzen  1974;  Liu  et  al.,  1976;  McElroy  et  al>,  1977). 
Another  potentially  increasing  source  of  N2O  Is  from  combustion  (see  e.g.,  Weiss  and  Craig, 
1976;  Pierotti  and  Rasmussen,  1976).  Evidence  from  the  variability  in  NjO  and  Its  observed  slow 
rate  of  increase  (Weiss,  1961)  indicate  that  its  lifetime  is  in  the  1U0*>ear  range  and  that 
short-term  changes  in  its  concentration  will  be  small. 

In  order  to  examine  the  possible  effects  of  increased  emission  of  nitrous  oxide  to  the  atmo- 
sphere, the  response  of  ozone  to  a doubling  of  N2O  has  been  oonsidered  in  various  model 
calculations.  Although  such  large  increases  would  not  be  expected  in  the  near  future^  the  results 
for  this  arbitrary  perturbation  provide  a benchmark  for  comparison  as  chemical  rate  sets  are 
changed.  Results  which  are  given  in  Table  3-10  provide  values  of  the  ozone  reduction  which  are 
higher  than  the  results  obtained  two  years  ago.  In  1979,  Luther  et  al.  calculated  a 2.6%  ozone 
decrease  while  the  satne  model  gives  a value  of  1^.5%  with  the  NASA/CODATA  chemistry.  The 
results  of  different  modeling  grt>ups  show  a dispersion  of  a factor  of  two  which  could  be 
explained  partly  by  differences  in  the  vertical  exchange  coefficient.  The  larger  result  in  the  NOAA 
model  is  partly  due  to  its  bwer  boundary  at  10  km  which  eliminates  the  enhancement  of  the 
troposphere  ozone  concentration  as  computed  in  the  other  models. 


Table  31 0 

Percental  Change  in  Total  Ozone  for  Doubting  of  N2O,  CFC  Releaae,  and  Both  Simultaneously. 

1981  NASA/CODATA  Chemistry 


Model 

Perturbation 

2XN2O 

CFC 

2x  N-,0  + CFC 

* 

ULNL  (Chang/Wuebbles) 

•12.5 

•5.0 

-12.9 

NOAA  (Uu) 

-16 

4.5 

•16.5 

IAS  (Brasseur) 

•10.7 

4.9 

•12.4 

AER  (Sze) 

-9.5 

■6.1 

•13 

figure  3-11  shows  that  the  response  of  ozone  to  a uniform  increase  in  N2<)  varies  considerably 
with  latitude  and  is  most  important  in  the  polar  regions  according  to  the  model  of  Sze  (personal 
communication).  This  model  indicates  a depletion  of  total  ozone  which  varies  by  a factor  of  five 
between  the  Equator  and  the  pole.  Whitten  et  al.  (1961)  obtain  results  in  their  2-T3  model  which 
have  the  same  general  behavior  but  indicate  a lower  Equator-to-polc  gradient.  The  sensitivity  of 
total  ozone  change  due  to  N2O  seems  to  folbw  the  same  general  pattern  as  for  fluorocarbons 
with  a maximum  depletion  in  the  polar  regions  during  winter  or  spring.  The  altitude  distribution 
of  ozone  change  shown  in  Figure  3-12  shows  that  the  sensitivity  of  ozone  to  NjD  is  the  largest 
in  the  polar  regions  with  a maximum  between  20  and  30  km.  These  depletions  are  only  partially 
balanced  by  the  tropospheric  increases  which  are  in  the  equatorial  zone. 
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Figure  3-11.  Latitude  and  seasonal  dependence  of  the  change  in  ozone  column  for  a doubling  of  N2O  iafter 
Sze,  personal  communication). 


% CHANOI  IN  lOCAt  O/ONE  I2  \ N*OI 

apkil 

Figure  3 12.  Altitude  and  latitude  dependence  of  the  change  in  local  ozone  in  April  for  a doubling  of  N2O 
(after  Sze.  personal  communication). 
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Table  3-10  also  shows  the  large  nonlinear  response  to  simultaneously  doubling  N2O  and 
Including  constant  emission  rates  of  chlorofluorocarbon s.  For  Instance,  the  orone  decrease  of 
12.5%  calculated  with  tlie  LLNL  model  for  a doubled  amount  of  N2O  is  not  considerably  modKied 
when  the  N2O  and  CFG  effects  are  considered  simultaneously  (12.9%  instead  of  12,5%).  In  fact, 
the  results  tend  to  show  that,  if  one  of  the  two  perturbations  is  significantly  ^mina^nt,  the 
effect  of  tlie  second  perturbation  will  not  appear  on  the  total  ozone  amount  but  will  modify  tlie 
local  behavior  of  ozone  depletion  as  shown  by  Figure  3-13. 


Figura  3-1 3.  Local  ozone  change  vs.  altitude  for  CFG  release,  doubling  NjO  and  the  combined  effects  in 
LLNL  model. 


CARBON  DIOXIDE  CHANGE 

Carbon  dioxide  in  the  atmosphere  is  observed  to  be  increasing  (Keeling  et  al.,  1970).  Its 
potential  effect  on  the  global  surface  temperature  through  the  greenhouse  effect  lias  been 
discussed  extensively  elsewhere  (NRC  1979;  CEQ,  1981).  Its  potential  effect  on  ozone  comes 
about  because  CO2  is  tlie  principal  constituent  which  contributes  to  stratospheric  cooling  via 
escape  of  infrared  radiation.  Thus,  an  increase  in  stratospheric  CO2,  which  will  follow  from  tlie 
increase  in  tropospheric  CO2,  will  lead  to  a cooling  of  the  stratosphere.  The  temperature 
dependence  of  the  chemical  reaction  rate  coefficients  will  convert  this  temperature  decrease  into 
an  ozone  increase. 
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Table  3-11  shows  the  calculated  percentage  change  in  O3  at  steady-state  tfor  a doubling  of  CO2  in 
two  different  one-dintensional  models.  Also  shown  is  the  decrease  bi  O3  calculated  for  the 
combincid  effect  of  doubled  CO2  and  constant  CtC  release.  The  main  result  is  that  higher  levels 
of  CO2  slightly  increase  the  ozone  sensitivity  to  chlorine,  but  the  ooi4>ied  perturbation  Is  nearly 
a linear  combination  of  the  results  from  CFC  and  CO2  perturbations  alone.  The  differences  are 
primarily  because  the  odd  oxygen  loss  rates  from  CIX  catalyzed  mechanisms  are  a much  larger 
percentage  of  the  total  O3  loss  rate  in  the  CFC  perturbed  atmosphere  than  in  the  ambient 
atmosphere.  Since  the  CIX  catalyzed  loss  rates  are  not  very  sensitive  to  temperature  change,  the 
effect  of  increased  CO2  is  lessened. 


Tabic  J-11 

Percentage  Column  Oiange  in  Oj  at  Steady-State  Using  Chemistry  in  JPL  81-3  for  Doubled 
C0-).  CFC  Release,  and  the  Combined  Effects  from  1-D  Calculations. 


Perturbation 

Model 

2XCO-, 

2 X CO2  + CFC 

LLNL 

• ~ ‘ “"I 

-9% 

4.4% 

AER 

+2.7% 

■ -8.2% 

-6.3% 

The  corresponding  vertical  maximum  temperature  decrease  is  of  the  order  of  7 to  10  K near  40  km 
for  an  ozone  increase  of  about  20  to  30%,  The  principal  mecitanism  responsible  for  the  ozone 
increase  is  the  sensitivity  of  the  oxygen  reactions  of  the  Chapman  cycle  (see  for  example  lilake 
and  Lindzen,  1973). 

O * O2  ♦ M ► O3  ♦ M k =:  1.05  X 10"^^  exp  (510/1)  (1) 

and 

0*03  - 2O2  k = 1.5  X lO""’'*  exp  (-2216/1)  (2) 

Nevertheless  the  temperature  sensitivity  of  the  reaction 

N ♦ O2  -*  NO  ♦ O k = 7.7  x 10“^^  exp  (-3220/ i.  (3) 

is  also  of  importance  for  the  predicted  O3  increase. 

As  a result  of  the  large  activation  energy  for  this  reaction,  when  the  temperature  is  decreased, 
the  N atom  a>ncentrati«in  is  increased.  This  increases  the  rate  for  the  reaction 

N ♦ NO  ^ N2  ♦ O . (4) 

As  discussed  by  Duewer  et  al.  (1977),  reaction  (4)  is  an  important  NO^  sink  in  the  stratosphere, 
so  that  the  net  effect  of  tlie  decreased  tetnperature  is  to  decrease  total  stratospheric  NO^.  As  a 
result  of  this  change,  the  NO^  catalyzed  ozone  loss  rate  is  decreased  and  O3  is  increased. 
Nevertheless  the  magnitude  of  this  effect  is  dependent  upon  tlie  downward  flux  of  NO  from  the 
mesosphere.  Doubling  CO2  may  have  a large  impact  on  the  mesospheric  temperature,  thereby 
affecting  the  exchange  between  mesosphere  and  stratosphere  and  the  NO  flux. 
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One-dimensional  model  calculations  can  uke  into  account  radiative  and  photochemicai  feedback. 
Dynamical  processes  will  also  be  affected  by  changes  in  the  atmospheric  tennserature  structure. 
Using  the  Oxford  2-0  model  (Harwood  and  Pyle,  1975),  an  attempt  to  characterize  the  importance 
of  the  dynamical  feedback  was  made.  Table  3-12  shows  the  percent  change  in  O3  for 
perturbations  similar  to  the  one  reported  In  1-D  calculations. 


Table  3-12 

Per(^t  Change  in  0^  from  Oxford  2-D  Model 
from  Hai|h  and  Pyle  (1981). 


Conclusions  pertaining  to  the  upper  stratosphere,  drawn  from  one-dimensional  calculations,  are 
confirmed  by  the  2-0  calculations.  But  changes  in  the  zonal  mean  wind  structure  clearly 
influence  the  calculated  ozone  variations  in  the  lower  stratosphere  especially  at  high  latitudes. 
The  greatest  column  change  is  indicated  to  occur  at  high  latitudes,  similar  to  the  results  for 
other  perturbations. 


COMBINED  SCENARIOS 


Many  of  the  above  studies  (predictions)  were  based  upon  the  assumption  of  single  source 
function  changes.  That  is,  the  scenario  assumes  that  only  one  source  of  stratospheric  trace 
species  rnay  change  at  any  given  time.  This  single  perturbing  source  scenario  allows  a clear 
delineation  of  the  details  of  perturbing  influence  and  the  corresponding  feedback  processes. 
However,  it  does  not  reflect  reality.  As  is  clear  from  the  above  discussions  several  source 
functions  have  been  changing  over  past  decades.  In  fact  this  information  has  been  used  to 
construct  individual  scenarios  for  analysis.  If  we  are  to  understand  events  of  the  recent  past  we 
must  study  a likely  set  of  combined  scenarios.  For  example,  N2O,  NO^  from  subsonic  aircraft  and 
FC-11  and  FC-12  have  all  been  increasing  during  the  past  two  decades.  Consequently  if  we  are  to 
understand  the  long  term  ozone  trends  over  the  same  period  we  must  evaluate  how  these 
simultaneous  changes  may  affect  stratospheric  ozone.  This  combined  scenario  is  particularly 
important  in  view  of  the  interference  among  various  perturbing  influences.  Figure  3-14  illustrates 
one  such  coupling.  As  our  understanding  of  stratospheric  chemistry  improves  the  theoretically 
predicted  ozone  perturbations  due  to  NO^  from  aircraft  and  CFCs  change.  It  is  important  to 
note  that  since  1976  the  estimated  influences  of  added  chlorine  and  NO^  are  changing  in 
opposite  directions.  As  the  influence  of  one  increases,  the  other  declines.  Consequently  if  both 
NO^  and  ClOx  are  increasing  either  in  the  past  or  the  future,  it  is  not  possible  to  construct  the 
net  changes  by  summing  results  from  individual  single  scenario  studies.  In  the  following  section 
a set  of  likely  combined  scenarios  have  been  studied  lx)th  to  estimate  the  ultimate  changes  in 
ozone  and  to  help  to  evaluate  the  accuracy  of  theoretical  models  by  comparing  with  observed 
ozone  changes  in  the  most  recent  past. 


To  provide  a framework  for  testing  model  predictions  calculations  must  be  nvide  for  the  time 
dependence  of  the  ozone  change  expected  as  a result  of  all  of  the  influences  which  should  have 
changed  ozone.  Figure  3-15  shows  the  trend  predicted  with  the  LL.NL  model,  Penner  (1961), 
relative  to  1970  for  total  O3.  The  solid  line  was  calculated  using  the  historical  release  rates  for 
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CF2CI2,  CFCI3,  and  CH3CCI3  through  19(i0  with  a constant  release  rate  at  1S77  produaion  levels 
thereafter.  CO2  followed  the  historical  increase  to  1960,  then  increased  by  1.S  ppm/year. 
Subsonic  aircraft  emissions  increased  by  9.4%/year  up  to  1975  as  indicated  by  Bauer  (1978). 
Emissions  increased  by  8.8%/year  after  197S  to  reach  the  *bw*  1990  emissions  estimate  of  Oliver 
et  al.  (1977).  Emission  rates  for  the  Northern  Hemisphere  were  used  $0  that  the  calculations  give 
the  expected  change  in  ozone  averaged  over  the  Northern  Hemisphere  only.  The  reaction  rate 
coefficients  were  taken  from  jn.  81-3  (Case  B).  The  solid  line  represents  the  most  probable 
model  prediction  for  the  resulting  O3  trend.  The  dashed  curve  is  a similar  calculation  without 
CO2  increase  or  aircraft  emissions.  Clearly,  these  opposing  effects  tend  to  cancel  tnasking  the 
individual  effects  of  either. 

The  trend  for  the  curves  for  the  decade  1970  to  1900  is  -0.13%  for  the  'best'  scenario  and  -0.73% 
for  the  CFC  only  scenario.  Figure  3-16  shows  a similar  set  of  calculations  for  upper  level  U3 
(Umkehr  layers  7 ♦ 8 ♦ 9)  also  from  Penner  (1981).  The  10-year  trend  for  the  decade  1970  to  1980 
is  -2.6%  for  tlie  'best'  scenario  and  -3.8%  for  the  CFC  only  scenario. 


Figure  3-16.  Percent  change  in  upper  level  ozone  (near  40  km)  for  time-dependent  scenarios  of  CFC, 
CO2  and  aircraft  emissions  (Penner,  1981).  Stratosphere  contains  1.1  ppb  of  Clx  initially. 


Figure  3-17  shows  more  detail  on  the  altitude  profile  of  the  change  in  ozone  in  the  Northern 
Hemisphere  for  a combined  scenario  between  the  years  1971  and  1980,  Titese  also  A^ere  run  on 
the  LLNL  model  by  Wuebbles  and  Luther  (1961)  using  the  NASA/CODATA  chemistry.  The  small 
change  in  total  ozone  column  (-K).13%)  is  seen  to  be  rnade  up  to  a decrease  of  approximately 
3.5%  centered  about  40  km  and  an  almost  exactly  cancelling  increase  of  about  7%  centered  about 
10  km.  Thus  although  the  predicted  change  in  column  content  is  essentially  zero,  significant 
changes  are  predicted  in  the  upper  stratosphere  and  in  the  troposphere  which  can  be  compared 
with  available  data. 
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Figure  3-17.  Calculated  change  in  Northern  Hemisphere  local  ozone  from  1971  to  1980  for  CFC  only  and 
for  CFC  plus  other  anthropogenic  source  perturbations  (Wuebbles  and  Luther,  1981).  Strato- 
sphere contains  0.6  ppb  of  Clx  in  1970. 

Figure  3-18  extends  this  computation  to  the  year  2080,  illustrating  the  time  evolution  of  the 
attitude  profile  of  ozone  change  (Wuebbles  and  Luther,  1981).  The  aircraft  emissions  are  assumed 
constant  after  1990  and  the  tropospheric  increase  quickly  becomes  near  a steady-state  at  a 20% 
increase.  The  fluorocarbon  emission  rate  is  also  steady  but  the  long  residence  titnes  give  rise  to 
a continued  increase  in  the  upper  stratospheric  depletion. 


Changt  in  local  ozone  (%) 


Figure  3-18.  Calculated  change  in  Northern  Hemisphere  local  ozone  at  various  times  relative  to  background 
atmosphere  for  perturbation  containing  all  anthropogenic  sources  (Wuebbles  and  Luther,  1981). 
Background  atmosphere  contains  0.6  ppb  of  Clx. 


MODEL  PREDICTIONS  AND  TREND  ANALYSIS 


3-29 


OZONE  VARIATIONS  AND  TRENDS 

Studies  of  long-period  variations  of  different  Mmospheric  parameters  have  shown  that  although 
the  amplitude  of  such  variations  generally  increases  with  the  length  of  the  period  studied  the 
slope  of  the  change  as  a function  of  time  decreases  (e.g»,  NAS,  1975).  Also,  as  clearly  indicated 
by  the  results  discussed  by  Birrer  (1974,  1975)  for  variations  of  total  ozone  at  Arosa,  slight 
changes  of  the  time  period  or  length  of  the  period  could  result  in  changes  of  sign  of  the  ozone 
trend.  Thb  choice  of  a suitable  time  interval  over  which  ozone  variations  are  cakulr.^  is 
therefore  normally  motivated  by  two  factors:  First  is  the  total  time  period  for  which  there  are 
suitable  data;  second  is  to  attempt  to  test  specific  physical  mechanisms,  if  known,  that  influence 
the  ozone  variations.  Since  most  ozone  observing  programs  started  sometime  after  1958,  the 
longest  interval  that  can  be  used  to  calculate  representative  ozone  trends  is  (except  Arosa)  of 
the  order  of  about  20  years. 

The  basic  pattern  of  seasonal  and  spatial  variation  of  total  ozone  and  its  vertical  distributions 
are  well  documented  and  reasonably  well  understood.  Long-term  ozone  variations,  however,  are 
not  as  evident  and  are  not  well  understood.  Major  difficulties  in  establishing  the  existence  of 
these  long-term  ozone  changes  stem  from  the  requirement  that  the  observed  data  series  be  long 
enough  so  that  random  fluctuations,  real  or  due  to  measurement  noise,  do  not  mask  the 
'observed*  variation,  and  that  the  observations  be  distributed  geographically  to  provide  a 
representative  sample  for  a global  average.  Ground-based  total  ozone  observations  arc  not 
adequately  distributed  over  the  globe  and  satellite  observations  are  presently  available  only  for 
relatively  short  periods.  Nevertheless,  some  information  is  at  hand  to  indicate  apparent  global 
ozone  variations  over  the  past  20  years.  Such  information  can  then  be  compared  with  the 
appropriate  theoretical  predictions  so  as  to  provide  an  assessment  of  the  adequacy  of  various 
theoretical  models  in  making  predictions  of  ozone  perturbations. 

OBSERVED  TOTAL  OZONE  VARIATIONS  AND  TRENDS 

Descriptive  Analysis 

Earlier  analyses  of  long  term  ozone  trends  have  usually  used  linear  regression  analysis  or 
piecewise  linear  least  square  fitting  techniques,  e.g.,  Komhyr  et  al.  (1971);  Johnston  et  al. 
(1973);  Angell  and  Korshover  (1973,  1976,  1978b);  London  and  Oilmans  (1978/1979);  and  Birrer 
(1974),  Komhyr  et  al.  first  noted  that  there  was  an  apparent  increase  in  total  ozone  over  the 
Northern  Hemisphere  during  the  1960s.  Thia  has  been  confirmed  by  all  later  analyses.  Further, 
London  and  Oltman  showed  that  no  such  changes  could  be  established  for  the  Southern 
Hemisphere.  Johnston  et  al.  showed  that  there  is  more  structure  in  the  ozone  record  of  the 
sixties  than  a general  increase.  Specifically  their  analysis  supports  the  view  that  there  was  a 
decrease  of  a few  percent  in  total  ozone  in  the  early  sixties  and  a slow  increase  after  1%3.  This 
piecewise  linear  trend  is  consistent  with  the  single  trend  for  the  full  preriod  seen  by  others. 

Figure  3-19  is  typical  of  such  analysis  and  contains  all  of  the  observed  data  ^or  the  22-year 
period  (1958-1979)  as  derived  from  the  ground-based  network  of  Dobson  and  M-83  stations 
(WMO,  1981).  In  Figure  3-19  the  annual  average  total  ozone  amounts  expressed  as  the  average  of 
the  percentage  deviation  from  each  station  me»i  are  plotted  for  different  geographic  regions, 
latitude  zones,  and  for  the  globe.  The  vertical  bars  extend  two  standard  deviations  of  the  mean 
(standard  deviation  divided  by  the  square  root  of  the  number  of  stations)  either  side  of  the 
mean,  as  determined  yearly  from  the  percentage  deviation  from  station  average  of  the  station 
values  within  the  region.  There  is  the  inference  that  there  is  only  about  a 5%  chance  that  the 
true  value  of  the  yearly  mean  lies  outside  the  ext€*nt  of  the  vertical  bars. 
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Figurt  3-19.  Variation  of  annual  total  ozone  (WMO,  1081). 
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Because  of  the  uneven  distribution  of  Dobson  stations  the  overali  urK^rtainties  tfe  believed  to 
be  underestimated.  It  is  only  to  a first  approximation,  then,  that  we  can  state  that  if  the  verti- 
cal bar  does  not  intersect  the  zero  axis  the  mean  value  for  the  year  is  significantly  different  from 
the  long-term  avera^.  This  technique  only  indirectly  addresses  the  problem  of  the  significance 
of  a long-term  trend  through  the  aegis  of  non -overlapping  vertical  v s for  different  years* 

The  average  for  the  Northern  Hemisphere  mid-latitudes,  shown  in  Figure  3-19,  was  obtained  from 
a 3,  3,  2,  1,  1,  weighting  of  the  total-ozone  values  for  North  America,  Europe,  Soviet  Union,  Japan 
and  India,  respectively.  Note  that  the  Soviet  Union  data  are  not  presented  in  Figure  3-19  because 
of  the  space  required  to  encompass  the  large  deviations  and  broad  confidence  limits.  The  above 
subjecti>«  weighting  is  based  on  relative  area  of  the  region,  number  of  stations  within  the 
region,  and  estimated  accuracy  of  the  data.  The  Soviet  Union  receives  half  the  weight 
appropriate  for  its  area  because  of  the  relatively  poor  qualKy  of  the  M-83  data.  This  could  be 
increased  somewhat  for  the  mid-and-later  1S7Us  in  light  of  the  instrument  improvement  after 
1971. 

In  other  zones  the  station  values  are  simply  averaged  to  provide  a regional  rnean.  A hemispheric 
average  was  then  obtained  from  an  approximate  area  weighting  i.e.,  a 1,  3,  2 weighting  of  polar, 
mid-latitude,  and  tropical  zones,  respectively,  while  the  global  average  has  been  obtained  from  a 
1,  3,  4,  3,  1 weighting  of  north  polar,  north  mid-iatitudev  tropical,  south  mid-latitude,  and  south 
polar  regions,  respectively.  More  details  on  the  method  of  analysis  are  contained  in  Angell  and 
Korshover  (1978b).  It  is  obvious  from  the  data  plotted  in  Figure  3-19  that  there  are  regional 
differences  in  the  year-to-year  and  long-term  ozone  variations.  However,  for  the  world  average 
there  appears  to  be  an  increase  of  ozone  during  the  period  1960-1970  and  a decrease  from 
■■|970-1975.  Analysis  shows  worldwide  ozone  maxims  in  1958,  1970,  and  1979,  the  years  of 
sunspot  maxima.  This  latter  result  may  be  an  artifact  ot  the  method  used  in  the  global  analysis, 
but  because  of  its  significance  in  delineating  and  understanding  'natural'  mechanisms  for 
I mg-period  ozone  trends  it  is  necessary  to  see  if  this  pattern  of  variations  can  be  verified,  '.s 
mentioned  in  Chapter  2 Keating  et  al.  (1981)  have  analyzed  the  global  mean  total  ozone  derived 
from  the  Nimbus  4 BUV  instrument  and  found  a high  correlation  with  solar  activity.  These 

results  have  been  challenged  by  Reber  and  Huang  (1981),  Keating  et  al.  (1981)  also  show  that 

when  corrected  for  BUV  instrument  drift  (discussed  in  Chapter  2)  a residual  2 to  3%  decrease  in 
ozone  from  solar  maximum  to  solar  minimum  appears.  The  shortness  of  the  satellite  sampling 
period  precludes  the  drawing  of  final  conclusions  from  these  data  concerning  the  magnitude  of 
solar  influence  on  total  ozone. 

Observed  ozone  chsiiges  averaged  over  the  Northern  Hemisphere  and  the  world  suggest  that  a 
10*vear  tinte  interval  is  the  shortest  period  that  is  meaningful  for  calculating  ozone  trends.  In 
addition,  the  present  diagnostic  study  is  an  atterr^  A assessing  tlie  effects  of  human  influences 
on  ozone  variations.  Since  model  predictions  of  some  of  these  effects  are  based  on  the  assump- 
tion that  these  influences  have  had  an  increasing  impact  on  stratospheric  ozone  since  the  early 
1970s  it  is  of  some  interest  tc  start  with  analysis  of  decadal  ozone  variations  where  the  data 

permit.  It  should  be  noted,  however,  that  as  the  data  base  increases,  and  otlier  mechanisms  for 

effecting  ozone  variations  are  tested,  different  time  intervals  need  to  be  used  for  ozone  slope 
determinations  with,  quite  likely,  somewhat  different  results. 

The  results  of  computed  lO-year  trends  for  Arosa,  shown  in  Figure  3-20,  are  based  on  the 
horrv>geneous  'C  wavelength  Dobson  observations  discussed  by  Birrer  (1975)  and  extended  to 
include  the  10-year  interval  1970-1979.  The  largest  decadal  increase  during  the  entire  period  of 
observations  occurred  during  the  interval  1932-1941  (->2  DU /year)  followed  by  the  largest 
decadal  ozor^e  decrease  in  the  interval  1940-1949  (~2.8  DU /year).  This  large  decrease  was  the 
result  of  the  high  ozone  values  during  the  Winter  and  Spring  of  1940  and  1941  associated  with 
the  frequent  outbreaks  of  cold  Arctic  air  and  strong  advection  of  high  ozone  concentrations  from 
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the  no  .h.  Subsequent  increasing  and  decreasing  slopes  at  Arosa  are  much  less  pronounced.  The 
pattern  of  variation  of  10*vear  trends  appear  to  be  randonv  although  this  inference  must  be 
treated  with  caution  in  view  of  the  short  observational  record  (less  than  SO  years). 

Linear  total  ozone  trends  at  Arosa  calculated  for  20-year  intervals  are  also  shown  in  Figure  3-20. 
For  tl'^  larger  time  interval,  the  magnitude  of  the  trend  values  is  smaller  and  the  high  frequency 
trend  fluctuations  are  damped.  There  has  been  a continuous  negative  20-yev  trend  siitoe  toe 
mid-195Us,  although  the  overall  change  at  Arosa  for  the  period  1932-19C9  is  very  small  (-0,11 
DU /year). 


DATA  FOP  DOBSON  ’C"  WAVELENGTH  OBSERVATIONS  AT  AROSA  FOR  THE  PERIOD  1932  1979 


1930  1940  I960  1960  1970  I960 

DATE  IN  TEARS 


Figure  3-20.  Observed  10-year  ana  20-year  trends  of  total  ozone  for  Arose. 


Trends  in  total  ozone  for  successive,  overlapping  10-year  intervals  are  presented  in  Figure  3-21 
for  mid-latitude  regions  in  the  Northern  Hemisphere^  The  solid  lines  denote  decadal  trends 
obtained  by  lineai  regression.  The  dotted  line  for  North  America  represents  decadal  trends 
obtained  from  a least  squares  autoregressive  model  (Komhyr,  personal  communication).  Even 
tiiough  the  i'vo  techniques  do  not  use  exactly  the  same  data  set,  the  results  are  similar,  with  a 
strong  tendency  for  the  decadal  trends  to  progress  from  piositive  to  negative  during  the 
approximately  20-year  period  studied. 

The  progression  in  decadal  trends  is  similar  in  Europe  and  North  America,  but  Japan  shows  little 
variation  in  the  trend  with  time,  and  the  variations  in  India  and  the  Soviet  Union  have  tended  to 
be  out  of  phase.  The  very  large  decadal  trends  indicated  by  Soviet  M-83  data  must,  of  course,  be 
considered  with  caution. 

Figure  3-22  presents  the  derived  decadal  trends  in  total  ozone  for  different  latitude  zones, 
hemispheres,  and  the  world.  Here  the  solid  lines  represent  the  10-year  trends  obtained  using  the 
M-83  data,  the  dashed  lines  tfie  trends  obtained  excluding  the  \1-83  data,  in  north  temperate 
latitudes  the  results  differ  by  as  much  as  a factor  of  two  in  the  the  two  cases,  but  in  the 
average  for  the  world  there  is  little  difference  in  the  variation  in  derived  decadal  trends  if  the 
M-83  data  are  excluded.  The  amplitude  of  the  decadal  trend  variation  is  much  larger  in  the 
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Northern  than  Southern  Hemisphere  during  this  period  and  the  world  variation  reflects  the 
Northern  Hemisphere  pattern. 

An  important  point  to  consider  is  the  difference  in  decadal  trend  at  yearly  intervals.  Even  for  the 
world  as  a whole  the  decadal  trend  of  -1.0%  in  1%9-I^B  changed  to  only  ^.3%  in  1970-1979. 
Accordingly,  the  trend  obtained  for  any  particular  decade  should  be  considered  in  the  context  of 
the  trend  for  adjacent  decades  to  ensure  that  a representative  trend  is  being  obtained. 

Time  Sariet  Models 

Meteorulogicai  and  environmental  data  for  specific  localities  are  frequently  collected  at  equally 
spaced  time  intervals  e.g.,  hourly  observations  of  pressure,  daily  values  of  average  temperature, 
monthly  averages  of  total  column  ozone.  Due  to  various  natural  and  man-made  causes,  such  tittie 
series  often  exhibit  the  following  types  of  behavior:  (1)  regular  annual  or  other  periodic 
patterns,  (2)  slowly  evolving  underlying  long  term  variation,  and  (i)  irregular  short-term  noisy 
fluctuations.  To  characterize  these  variations,  we  can  write  a time  series  of,  say,  monthly 
observations  Y(t),  where  t stands  for  month,  as 

Y(t)  - Vi*S(t)*N(t)  (5) 

where  u is  the  mean  of  the  series,  S(t)  represents  a seasonal  component  and  N(t)  a 
nonseasonal  »mponent.  The  S(t)  component  can  often  be  adequately  described  by  o)mbination^ 
of  sinusoidal  functions  with  period  of  12  months  and  their  harmonics,  or  sirrHsly  12  constants 
for  the  12  months  of  the  year.  Variations  in  the  K(t)  coniponents  can  sometimes  be  explained  by 
the  dynamic  influences  of  other  atmospheric  rel'.ted  factors.  However,  it  is  frequently  the  case 
that  the  physical  nature  causing  the  variation  is  rather  complex  atd  not  clearly  undersltK>d,  or 
that  adequate  data  on  the  atmospheric  parameters  are  not  available,  liecause  of  the  dy  natnic 
nature  of  these  exogeneous  influences,  time  series  observations  are  often  autcxrorrelated  so  that 
there  is  information  in  the  series  itself  which  could  be  used  to  make  inference  about  its  future 
(sattern.  It  is  for  this  reason  that  models  relating  N(t)  to  past  values  N(t-1),  N(t-2),  ...  have 
been  found  useful  to  characterize  the  behavior  of  time  series. 

From  tile  original  work  of  Yule  (1927),  a useful  class  of  time  series  models  are  the  autoregressive 
proces  ses 


N(t)  » ♦l  N(t-l)  ♦ ...  ♦ 4pN(t-p)  + c(t)  (b) 

where  c (t)  represents  a series  of  independent  random  variables  with  zero  means.  As  an 
illustration  Figure  3-2i  gives  tire  deseasonalized  series  of  monthly  total  o'umn  ozone  at 
Kodaikanal  from  1%1  to  1979,  exhibiting  considerable  low  and  high  frwiuenc'y  variations. 
Employing  modeling  procedure  described,  e.g.,  in  Box  and  lenkins  (197b),  an  ade^juate  inodel  for 
this  series  is 


N(t)  » 0.75  N(t-1)  ♦ 0.1b  N(t-2)  ♦ c(t)  (7) 

Figure  .1-24  shows  the  residual  series  c(t)  computed  from  Equation  (7)  indicating  tirat  mucti  of 
the  variation  in  tlie  N(t)  series  has  been  accounted  for  andc(t)  is  essentially  a white  twise 
series. 

The  pKiwcr  spectrum  of  time  series  provides  an  alternative  to  time  domain  autoregressive  fTK>dels 
for  describing  tht^  autiK-orrelation  structure  of  a time  series.  It  liescribes  the  way  in  which  the 
variance  of  the  series  is  associated  with  ilifferent  frequencies  (see  Figure  3-25), 


REPIOUAl  TOTAL  OZONE  (DOBSON  UNITS) 


3-36 


THE  STRATOSPHERE  19B1:  THEORY  AND  MEASUREMENTS 


SPECTRAL 

DENSITY 

FUNCTION 


Figure  3-25.  Statistical  power  spectrum  motlel  (schematic). 


Tlw  power  spectrum  of  a time  series  is  the  Fourier  transform  of  its  autocovariances,  which  are 
the  bases  for  estimating  time  dontaiit  moilels.  It  therefore  contains,  In  a mathematical  sense,  the 
same  Information  as  the  autocovarianccs,  although  it  expresses  that  information  in  a different 
way. 

A series  with  no  aut<>correlation  has  a flat  spectrum.  It  is  often  called  'white  noise,'  by  analogy 
with  the  spectrum  of  white  light.  Geophysical  series  typically  have  ‘red  spectra,*  i.e.,  higher 
spectral  power  at  k)w  frequencies  than  at  high  frequencies.  Such  series  are  typically  smoother 
than  white  noise,  and  often  show  sustained  swings  above  or  below  their  long  term  means. 

The  problem  of  detecting  changes  in  total  oione  due  to  possible  human  influences  (such  as 
CFCs)  can  then  be  analyzed  through  statistical  analysis  of  the  available  time  series  of  total  ozone 
observations.  The  model  assumed  for  the  monthly  averages,  Y(t),  of  total  ozone  collected  at  a 
particular  location  is 


Y(t)  S(t)  -^uiXCt)  ♦ N(t),  (8) 

where  as  before  p is  the  mean  long  term  totd  ozone  amount,  S(t)  represents  the  annual 
seasonal  component  of  variation,  X(t)  represents  the  form  of  any  deterministic  trend  and  N(t) 
represents  the  'noise'  or  error  component  reflecting  the  aggregate  effect  of  natural,  measure- 
ment, and  other  causes  which  could  induce  nonseasonal  variation  in  the  total  ozone  data.  Thus 
N(t)  may  contain  various  low  and  high  frequency  components  of  variation,  and  hence,  may  be 
autocorrelated.  To  account  for  this  autocorrelation,  N(t)  may  be  modeled  by  tlie  autoregressive 
process  as  in  Equation  (6),  where  N(t)  possibly  has  different  v.sriances  for  different  months  of 
the  year. 
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Stitittical  Analysis 

Three  statistical  studies  for  the  detection  of  changes  in  ozone  have  been  made  recently  based  on 
average  monthly  total  ozone  amounts  from  a network  of  36  or  37  Dobson  observing  stations  for 
the  period  1%8-1979  (Bloomfield  et  at.,  1981;  Reinsel  et  al.,  1981c;  St.  John  et  al.,  1981).  In  the 
first  two  studies,  the  function  X(t)  representing  a linear  trend  starting  in  1970  was  used  In  the 
model  to  estimate  a global  change  in  ozone  over  the  period  1970-1979  that  may  be  associated 
with  human  activities.  In  the  third  study  (St.  John  et  al.)  a trend  function  shaped  like  the 
predicted  CFC  effect  starting  in  1960  was  used.  The  36  stations  used  in  these  analyses  can 
conveniently  be  grouped  Into  seven  different  geographical  regions,  North  America,  Europe,  lapan, 
India,  Australia,  South  America,  and  Hawaii  (somewhat  similar  to  the  group  used  by  Angell  and 
Korshover,  see  WMO,  1981).  It  is  this  structure  that  has  been  used  to  obtain  a global  estimate  of 
the  change  in  ozone  during  the  1970s  and  an  estimate  of  the  standard  error  of  this  estimated 
global  change  by  accounting  for  the  revealed  variation  within  individual  stations,  among  stations 
within  each  region,  and  between  regional  averages. 

In  the  study  by  Bloomfield  et  al.  (1981),  the  noise  component  time  series  N(t)  in  Equation  (8)  for 
each  of  the  3b  stations  was  assumed  to  consist  of  a global  corr^onent  common  to  all  stations,  a 
regional  component  common  to  all  stations  In  a given  region,  and  an  individual  station 
component.  Certain  assumptions  concerning  the  nature  of  the  spectral  characteristics  of  these 
various  component  series  were  made,  and  their  analysis  was  then  carried  out  using  frequency 
domain  techniques. 

In  the  other  two  studies  autoregressive  time  domain  methods  were  used  to  estimate  models  of 
the  form  if  Equations  (8)  and  (6),  separately  for  each  of  the  36  stations'  time  series.  This 
procedure  results  in  an  estimate  of  the  rate  of  change  parameter  w in  Equation  (8)  and  an 
estimate  of  its  corresponding  within-station  or  individual  station  standard  error  for  each  of  the 
36  stations.  In  Figure  3-26,  a histogram  of  the  3b  trend  estimates  u>  (expressed  as  percent 
change  per  year)  obtained  from  the  analysis  by  Reinsel  et  al.  (1981c)  is  shown.  The  trend 
estimates  in  the  histogram  seem  to  form  a cluster  about  zero  which  suggests  no  overall  trend 
during  the  1970s.  Since  the  typical  est.  lated  standard  error  of  an  estimated  percentage  change 
within  an  individual  station  is  about  0.15^  per  year,  the  large  spread  among  the  3b  trend 
estimates  in  Figure  3-26  indicates  that  tlrere  are  other  sources  of  variation  in  the  estimated 
trends  in  addition  to  the  within-station  uncertainty.  These  sources  of  variation  may  be  due  to 
any  factors  which  can  cause  variations  between  estimates  within  a givai  region  as  well  as  those 
which  cause  variations  between  regions.  Hence  to  obtain  an  estimate  of  global  change,  the  3b 
trend  estimates  of  the  rate  of  change  can  be  represented  as; 

individual  trend  estimate  = global  trend  + regional  trend  effect 

♦ individual  station  effect  within  region 

♦ within-station  error. 

Then  assuming  that  the  within-station,  among-stations-within-region,  and  regional  effects  are 
random  components  with  zero  means  and  unknown  variances  to  be  estimatect  standard  variance 
componentf  techniques  may  be  applied  to  the  individual  trend  estimates  to  obtain  an  estimate  of 
the  global  trend  u>,  as  well  as  estimates  of  the  variances  associated  with  the  various  effects.  One 
of  the  main  effects  of  the  variance  components  formulation  alx>ve  is  to  account  for  tl»e  fact  that 
the  individual  trend  estimates  of  neighboring  stations  within  each  region  will  be  (positively) 
correlated,  ffaving  obtained  the  global  trend  estimate  we  may  also  estimate  its  standard  error  and 
•partition'  this  standard  error  into  the  contributions  from  the  within-station,  among-stations 
within -region,  and  bet  ween -regions  sources  of  error.  For  the  two  time  domain  studies,  the  con- 
tribution to  the  standard  error  of  the  estimated  change  based  on  the  analysis  by  Reinsel  et  al. 
(1981b),  from  within-station,  arnong-station -within -region,  and  bet  ween -regions  variations  are 
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Figure  3 26.  Distribution  of  total  02one  trend  estimates  from  time  series  model. 


0.38%,  0.39%,  and  0.40%,  rosfwctively,  whik»  the  contribution  to  the  standard  error  based  on  the 
work  liy  St.  lohn  et  al.  (1981),  due  to  within-station  and  the  combined  effect  of  arnong-station- 
w it hin -region  and  between-regions  variations  are  0.41%  and  0.43%,  respectively.  These  values 
are  summarized  in  Table  3-13  below. 


Tabic  3-13 

Revealed  Total  Ozone  Trend  Standard  brrors  from  Dobson  Stations 
(txpressed  as  Percent  IVr  Period  Sliown) 


Components  of  Variation 

Reieaicher 

Btoonirield  et  al. 

Reinsel  et  al. 

St.  John  et  al. 

Type  of  intervention 

Linear  trend 

Linear  trend 

CFC  shape  curve 

Period 

1970-79 

1970-79 

1960-79 

Nuinbci  of  Statiom 

3t> 

3b 

37 

(1 ) Within-station  variation  (0| ) 

^0J7 

0.38 

0 41 

(2)  Among-stations-within-regiuns  vanation  (o .) 

0.39 

1 0 43 

(3)  Aniong-regiont  variation  (oj) 

040 

0.40 

Total  ±2 ■ ^2  \Jo‘  ♦ ♦ o“ 

111 

tl.35 

112 
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In  the  frequency  domain  analysis  of  Bloomfield  et  al.  (19B1)  the  correlation  structure  of  a time 
series  is  considerably  simplified  by  taking  its  discrete  Fourier  transform.  In  fact,  to  a good 
approximiRion  the  values  of  the  Fourier  transform  are  uncorrelated,  and  have  variances 
proportional  to  the  power  spectrum  at  the  appropriate  frequencies,  provided  these  frequencies 
are  separated  by  multiples  of  one  cycle  per  record  length.  Thus,  a model  such  as: 


observed  data  = systematic  part  * autocorrelated  errors 


can  be  replaced  by: 


Fourier  transform  of  data  = Fourier  transform  of  systematic  part  ♦ 
Fourier  transform  of  errors. 


in  which  the  error  term  is  now  essentially  uncorrelated  from  one  frequency  to  another.  The 
transformed  model  can  therefore  be  analyzed  by  weighted  least  squares,  provided  the  spectrum 
of  tfie  error  term  can  be  estimated. 

To  analyze  cross-correlated  data  such  as  ozone  records  from  36  stations,  the  cross -spectrum  of 
each  pair  of  stations  must  be  considered.  The  sin^lest  way  to  handle  these  is  to  assume  that 
the  observed  ozone  measurement  can  be  represented  by: 


observed  data  = systematic  part  global  component 
* regional  component  station  cornponent 


The  three  components  are  each  autocorrelated  time  series,  but  are  not  necessarily 
cross  ..orrelated  with  each  other.  The  station  component  represents  all  sources  of  variation  that 
are  individual  to  the  station  (within-station  and  among-siations-within-regions).  The  regional 
component  is  common  to  all  stations  in  the  given  region,  but  differs  from  region  to  region.  It 
therefore  causes  cross-correlation  air,  «ng  stations  in  a region,  but  not  between  pairs  of  stations 
in  different  regions.  The  global  component  is  common  to  all  stations.  It  thus  adds  to  the 
cross-correlation  among  stations  within  a region,  and  introduces  cross -correlation  into  all  other 
pairs. 

Since  there  are  several  independent  replicates  of  the  station  and  region  components,  their 
spectra  can  be  estimated  by  averaging  their  raw  sample  spectra  (periodograms)  across 
replications,  rather  than  across  frequencies.  However,  the  global  term  is  not  replicated.  To 
estimate  its  spectrun\  we  assume  that  it  is  proportional  to  some  giv-.n  function,  large  at  low 
frequencies,  such  as  1/f  or  1/  /fT 

When  unknown  constants  in  the  systematic  part  of  the  model  are  estimated  by  weigi:t.ia  least 
squares,  their  standard  errors  can  be  broken  down  into  contril  jtions  from  each  type  of 
component.  The  contribution  from  station  components  combine  the  "within-station"  and 
"among  station  within  region"  contributions  of  the  time-domain  approach.  The  regional 
contribution  has  the  same  interpretation  in  both  approaches.  However,  the  giobal  component 
has  no  counterpart  in  the  time-domain  approach. 
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The  result  when  the  hypothesized  trend  u)X(t)  is  fitted  to  the  same  % Dobson  stations  as  used 
in  the  time-dornain  analysis  is  that  the  change  from  1970  to  1979  is  estimated  to  be  1.7%  with  a 
standard  error  of  1.0%.  The  station,  region,  and  global  components  of  this  standard  error  are 
0.37%,  0.40%,  and  0.87%,  respectively.  In  this  analysis,  a function  similar  to  1/f  was  used  to 
model  the  global  spectrum.  The  high  power  in  this  function  at  low  frequencies  explains  the  large 
contribution  from  the  global  component. 

In  summary,  the  three  studies  by  Bloomfield  et  al.  (1961),  St.  John  et  al.  (1961),  and  Reinsel  et 
al.  (1981b)  give  the  following  9S%  confidence  intervals  for  global  change  in  total  ozone  in  the 
10-year  period  1970-1979. 

Bloomfield  et  al.  (1. 7^2.0)% 

St.  Johnetal.  (1.1j^1.2)% 

Reinsel  et  al.  (0.8^1. 3)% 

ESTIMATES  OF  UNCERTAINTY  IN  TOTAL  OZONE  TRENDS 

The  above  mentioned  statistical  analyses  of  tirne  series  models  are  based  on  total  ozone  records 
at  36  or  37  Dobson  stations  that  have  observations  over  periods  ranging  from  11  to  22  years. 
Analysis  of  the  variations  within  and  among  stations  reveal  several  types  of  uncertainty  of  trend 
estimates.  These  are  called  ’revealed*  estimates. 

Such  records  by  themselves  cannot  reveal  the  uncertainties  due  to  fluctuations  over  long  periods 
(more  than  50  years  or  so)  or  possible  biases  due  to  the  location  of  the  Dobson  stations.  Some 
separate  computations  have  been  made  to  estimate  the  tnagnitudes  of  these  uncertainties 
utilizing  some  additional  ozone  measurements.  However,  these  are  much  less  accurate  ('softer') 
and  are  called  'unreveatcd'  estimates. 

Revealed  Uncertainties  Derived  from  the  Dobson  Network 

The  statistical  analysis  of  total  ozone  determined  from  the  Dobson  network  has  led  to  estimates 
of  the  standard  errors  of  the  deterministic  trend  estimates  from  testing  for  changes  in  the  1970s. 
This  'revealed*  variation  is  quantified,  but  not  necessarily  identified  as  to  cause.  As  shown  in 
Table  3-13,  the  ±2o  limits  or  trend  uncertainties  were  derived  from  breaking  the  variation  into 
components  of  error  in  the  classical  statistical  variance  component  or  random  effects  approach. 

The  within-station  component  (oi)  reflects  the  uncertainty  in  any  trend  estimate  at  a station 
after  the  station  time  series  has  been  fitted  by  an  autoregressive  type  model.  This  contains  the 
aggregate  effect  of  random  noise  and  some  of  the  low  frequency  variations  in  the  record  captured 
by  the  autoregressive  model. 

The  component  (02)  refers  to  the  variation  in  the  trends  from  station -to-station  within  regions. 
This  will  include  contributions  due  to  station-to-station  instrumental  drifts,  operator  effects, 
local  pollution,  and  meterological  variations  that  lead  to  trends  or  drifts.  Since  some  of  the 
regions  are  large,  both  large-scale  and  mesoscale  meteorological  variations  contribute  to  02* 

The  component  (03)  refers  to  the  region -to-region  effects  that  can  influence  trends.  Here  the 
regions  considered  are  North  America,  South  America,  Europe,  India,  japan,  Australia,  and 
Hawaii.  This  will  include  contributions  from  spatial  sampling  effects  such  as  variations  due  to 
large  scale  planetary  waves  that  are  shifting  over  time,  and  region -to-region  instrumental  effects, 
e.g.,  possible  instrumental  drifts  in  the  secondary  standards. 


MODEL  PREDICTIONS  AND  TREND  ANALYSIS 


3-41 


The  values  for  o-|,  02,  and  03  as  computed  by  three  different  groups  are  given  in  Table  3-13.  In 
some  cases,  as  indicatec^  the  values  were  n<^  computed  individually  in  the  statistical  analysis. 
When  O'],  02,  and  03  are  combined,  a measure  of  the  ±2  standvd  errors  (i2oa)  associated  with 
revealed  uncertainties  can  be  calculated.  Note  the  close  agreement  in  i2oa  among  tlie  three 
investigators  using  36  or  37  stations  in  the  analyses. 

The  good  agreement  among  the  three  studies  is  not  surprising  because  they  are  based  on 
essentially  the  same  statistical  model;  that  is,  assuming  no  deterministic  trend  in  the  1960s  and 
using  either  a linear  trend  or  a function  shaped  like  a chlorofluorocarbon  (CPC)  prediction 
curve. 

In  the  NASA  RP  1049  (1979)  document,  the  following  sources  of  trend  variation  were  offered  in 
the  absence  of  formal  statistical  analyses,  with  the  exception  of  the  first  source: 

Ojtat  ~ random  noise  and  unmodeled  short-term  time  dep>endencies 

Oinst  = trend  errors  in  Dobson  instruntents 

Ojpat  = spatial  sampling 

Onat  natural  long-term  variation  in  global  zone 

Oother  “ other  possible  man-made  changes 

Although  the  associations  that  can  be  made  between  these  sources  of  variation  and  those  that 
come  from  statistical  analyses  do  not  have  a one-to-one  correspondence,  the  statistically 
calculated  as  capture  variability  contained  in  OstaP  ^inst'  ‘^spaP  ^nat  additional 

contributions  of  variability.  The  variation  described  by  is  captured  in  oi.  The  contribution 
°inst  ^ spread  across  a-|,  02,  or  03,  depending  on  whether  an  instrument  drift  varies 

within  a station,  varies  from  station-to-station  within  a region,  or  is  common  to  one  region  but 
not  to  another.  The  spatial  sampling  variability  in  Ojpgt  captured  by  02  and  03.  Any  spatial 
bias,  that  is  not  corrected  for,  would  appear  in  the  trend  estimate.  However,  if  the  mean 
sampling  bias  over  long  periods  (say  10  or  more  years)  is  not  significant,  would  be 

accounted  for  by  02  and  03.  Low  frequency  contributors  to  contained  in  the  Dobson  data 
will  appear  in  a-|. 

Finally,  Oother  introduced  to  account  for  other  man-made  variations  if  one  wanted  to  detect 
and  identify  a CFC  effect  over  and  above  other  man-made  effects,  as  discussed  elsewhere  in  this 
report,  and  natural  variations.  An  estimate  of  this  does  not  seem  appropriate  from  the 
statistical  approach  and  would  have  to  be  done  via  theoretical  chemical  model  simulations  using 
different  chemistry  scenarios,  assuming  an  estimate  was  needed. 

Uncertainties  Due  to  Long-Period  Variations 

Bishop  »id  Hill  (1961)  inferred  04  from  a modified  46-year  total  ozone  record  at  Arosa,  by 
considering  the  standard  deviations  of  10-year  trends,  and  obtained  04  = 0.75.  Probably  only  an 
extremely  small  fraction  of  this  number  is  due  to  ‘revealed*  temporal  variations  if  the  estimate 
given  by  Tiao  is  applic.ible.  Although  there  is  considerable  uncertainty  about  the  global 
representativeness  of  the  Arosa  data,  this  series  is  the  only  long-period  record  available  and  the 
question  is  still  open.  At  any  rate,  it  is  clear  from  visual  inspection  of  the  curves  shown  in 
Figure  (3-27)  based  on  the  53  year  data  set  of  ‘C‘  wavelength  observations  at  Arosa  (1927-1979) 
(Birrer,  1975;  Diitsch,  personal  communication)  that  the  low  frequency  contribution  to  variations 
contained  in  the  Arosa  series  is  not  negligible.  Many  meteorologists  believe  that  long-period 
ozone  variations  are  associated  with  long-period  variations  of  meteorological  variables  (see,  for 
instance,  Newell  and  Wu,  1978).  The  only  variable  for  which  we  have  reasonably  reliable 
information  over  a century  or  longer  is  surface  temperature.  This  has  a white  spectrum  down  to 
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frequencies  of  order  1 cyde/century,  beyond  which  the  spectrum  appears  to  contain  an 
additional  'red*  component.  Hence,  it  is  possible  that  the  estimate  by  Bishop  and  Hill  is  low. 

In  any  case,  we  cannot  give  an  exact  estimate  of  04.  If,  indeed,  the  unreveaied  low  frequency 
ozone  variations  are  not  zero,  there  is  an  added  uncertainty  which  should  be  included  in  the 
value  for  04,  that  due  to  the  applicability  of  the  statistical  model  chosen.  Also,  a component  of 
long>term  ozone  variation,  due  to  tropospheric  pollution  sources,  discussed  as.  this  workshop 
(see  Chapter  1)  does  not  have  the  trend  pattern  assumed  in  the  statistical  models.  Thus  the 
range  for  04  would  be  from  a bw  of  0.75%  (Bishop  and  Hill  value)  to  some  higher  but 
subjectively  determined  vaiue.  The  corresponding  204  uncertainty  range  would  begin  at  1.5%, 

Spatial  Data  Rapraflantativanan  of  tha  Dobson  Natwork 

Satellite  data  can  be  used  to  study  tlie  question  as  to  whether  or  not  the  trends  derived  from 
the  Dobson  network  are  reprosentetive  of  global  trends.  Unfortunately,  trends  from  satellite 
observations  can  be  derived  only  over  periods  of  about  4 years  or  so  (see  earlier  discussion  of 
satellite  data).  Some  of  the  comparisons  to  date  are  discussed  below. 

One  of  the  major  difficulties  encountered  in  the  literature  of  estimating  ^obal  totai  ozone 
variations  is  that  there  is  no  unique  way  to  estimate  such  changes  from  the  given  ground-based 
data  set.  Each  investigator  has  considerabie  flexibility  in  determining  the  technique  of  area 
integration  and  relative  weight  assigned  to  each  method  of  observation  (e.g.,  Dobson  versus 
M-83). 

For  example,  London  and  Oilmans  (197B/1979)  analyze  the  monthly  average  data  in  a synoptic 
manner,  integrating  the  hemispheric  and  global  values  from  values  interpolated  to  a uniform 
latitude,  longitude  grid.  Angell  and  Korshovc  (1978b)  assign  relative  weights  to  groups  of 
stations;  this  weight  depending  on  the  number  of  stations  in  the  region,  its  relative  area  and  the 
'confidence'  in  the  quality  of  the  data.  Hasebe  (1980),  on  the  other  hand,  has  recently  developed 
an  optimum  interpolation  analysis  technique  applicable  to  the  monthly  average  data.  The  integral 
values  are  then  determined  from  the  gridded  data.  Finally,  Reinsel  et  al.  (1961a)  determine  the 
trend  at  each  site  from  a 36  Dobson  station  network  and  use  these  determined  trends  to  arrive 
at  a global  trend. 

The  relative  weights  assigned  to  the  observational  regions  by  Angell  and  Korsliover  (197b)  and  by 
Reinsel  et  al.  (1981a)  are  indicated  in  Table  3-14. 

Clearly,  significantly  different  weights  are  assigned  by  each  group  and  one  might  anticipate  that 
different  trends  would  be  obtained  for  the  same  period. 

The  additional  question  of  the  impact  of  regions  unsampled  by  the  ground-based  sites  on  the 
actual  total  ozone  variations  has  been  studied  by  using  data  from  the  Backscatter  Ultraviolet 
Ozone  Sensor  on  Nimbus  4. 

Reinsel  et  al.  (1981b)  use  BUV  data  for  the  periods  April  197U  through  May  1975  and  through 
April  1977,  and  compare  the  distribution  of  468  trends  estimated  from  monthly  averages  of  ozone 
gridded  in  468  blocks  over  the  globe  with  that  determined  from  the  36  'trend  estimates'  obtained 
from  satellite  data  sampled  initially  every  third  day  (but  with  decreasing  frequency  through  the 
satellite  operational  period)  at  locations  near  the  36  Dobson  stations.  (See  discussion  of  BUV 
data  coverage  problem  in  Chapter  2).  For  both  tinte  periods,  the  means  and  standard  deviations 
of  the  two  sets  of  trend  estirnates  were  in  close  agreement,  with  the  difference  in  means 
between  the  468  block  trends  (weighted  by  surface  area)  and  the  36  trend  estimates  equal  to 
about  0.6%  per  decade  (36  trend  estimate  value  less  negative). 
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Table  3-14 

Relative  Wdghta  for  Averaging  Qobsl  Trends  from 
Ground*B«sod  Observations 


Area 

Reinsel  et  al. 

Angell  and  Korshover 

North  America 

4.0 

3 

Europe 

4.4 

3 

India 

3.5 

1 

Japan 

2.6 

1 

Australia 

3.0 

8 

South  America 

2.0 

2 

Tropics 

1 .2  (Hawaii  only) 

13 

Soviet  Union 

0 

2 

North  Polar 

0 

3 

South  Polar 

0 

3 

A.  Miller  et  al.  (1961)  on  the  other  hand,  examine  the  BUV  data  for  the  Northern  Hemisphere 
(0-60"N)  only  and  for  the  more  limited  time  period  April  1970  through  mid-1976.  For  this  case, 
the  results  indicate  an  approximate  2%  difference  in  trend  over  the  3 years  with  the  Angell  and 
Korshover  (ground-based)  trend  more  negative  than  the  BUV  trend.  This  is  consistent  in  sign 
and  about  1)^  larger  than  the  earlier  resulis  of  A.  Miller  et  al.  (1979d)  in  which  the>'  used  the 
meteorological  fields  at  50t>i  to  examine  the  possible  spatial  sampling  errors.  The  ground-based 
total  ozone  data  set  does  not  currently’  have  adequate  geographic  and  temporal  coverage  to 
define  uniquely  a representative  ‘global*  ozone  trend.  Judicious  increase  of  the  ^ound-based 
observing  network  and  complementary  use  of  satellite  observations,  as  recommended  in  the  VVMO 
report  (WMO,  1981),  would  help  to  ameliorate  this  problem. 

At  present  it  is  difficult  to  make  a quantitative  estimate  from  this  information  concerning  the 
effect  of  a possible  bias  for  Dobson  station  bcations,  05,  on  trend  determinations.  The 
‘revealed’  effect  is  captured  irwstly  in  03  (Table  3-13),  but  also  in  (?2.  Thus,  the  total 
uncertainty  in  the  trend  due  to  spatial  variation  is  of  order  0.5%.  If  the  results  of  Reinsel  et  al. 
(1981b)  were  completely  certain,  there  would  be  no  indication  of  a spatial  bias  due  to  the 
locations  of  the  Dobson  stations.  In  contrast,  the  work  by'  Miller  et  al.  (1981)  suggests  that 
considerable  biases  may  exist. 

In  tlie  mean,  owr  very  long  periods,  both  global  and  Dobson  location  trends  are  zero.  Therefore 
the  problem  is  to  estimate  the  standard  deviation  of  such  trend  differences,  given  that,  on  one 
tKcasion,  the  difference  was  0.6%.  Clearly,  such  a standard  deviation  is  uncertain.  It  is  difficult 
to  give  a numerical  estimate  of  05,  the  eifect  of  Dobson  location  bias  on  trend  estimates.  A 
range  of  205  values  from  0 to  2%  is  suggested. 

Synthesis  of  Uncortainties  in  the  Trend  Estimates 

Thus  far  the  revealed  2o  uncertainty  of  the  trend  estimate  is  estimated  to  be  about  1.2%.  The 
unrevealed  contributions  were  estiniated  to  vary  between  1.5%  to  3%  (tenyoral)  aaid  0% 
(spatial).  Taking  means  to  be  rnost  probable,  the  overall  2 a limit  becomes  /l.2*  ♦ 

= 2.7%.  The  lower  limit  is  /l.2^  ♦ I.S^^*  1.9%  and  tlte  upper  limit  is  / 1.2^  * 2^  ♦ 3^  a 
3.8%.  The  meteorologists  at  the  workshop  tended  to  prefer  values  close  to  this  upper  limit, 
while  most  of  the  statisticians  present  preferred  values  closer  to  the  lower  limit. 
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OBSERVED  CHANGES  IN  VERTICAL  OZONE  PROFILES 

For  many  reasons,  the  ozone  concentration  in  particular  altitude  regions  will  experience  a more 
rapid  and  larger  percent  response  to  most  perturbations  to  the  ozone  system  than  will  the  total 
column  ozone.  This  response,  hovirever,  can  be  quite  different  at  different  layers  in  tN: 
atmospitere  depending  on  the  particular  physIcal/chenWcal  perturbation  irr^osed.  Purely 
photochemicaily  related  variations  would  generally  be  observed  at  levels  above  about  30  km. 
Those  variations  associated  with  interacting  Mmospheric  chemical  and  transport  processes  would 
be  reflected  in  changes  below  about  30  km.  It  is  appropriate  therefore  to  analyze  long-term 
ozone  variations  as  a function  of  altitude. 

The  only  observations  presently  available  for  upper  level  long-term  ozotk:  analysis  we  those 
derived  from  Umkehr  and  ozonesonde  measurements.  These  measurements  are  severely  restricted 
as  to  length  of  the  observational  period.  Instrumental  and  meteorological  biases,  and  both  time 
and  space  sampling  problems.  Many  of  these  problems  will  certainly  be  arrteliorated  in  the  near 
future  as  BUV  and  limb  IR  techniques  provide  a suitable  data  base  f?r  stratospheric  ozorte  trend 
detection.  Such  observations  have  been  made  and  continue.  Satellite  data  sets  are  now  available 
for  analysis  of  temporal  observations  from  the  Nimbus  4 BUV  and  Nimbus  7 SBUV  observations. 
Programs  for  an  integrated  global  observing  system  are  currently  being  developed  (WMO,  1961). 

Routine  Umkehr  measurements  from  a few  stations  are  available  for  almos<  20  years  and  ozone- 
sonde  measurements  for  almost  15  years.  PHost  of  these  stations  are  located  in  mid-latitudes  of 
the  Northern  Hemisphere  and  analyses  of  some  of  these  data  have  been  discussed  for  a few 
individual  stations  by  e.g.,  Dtitsch  and  Ling  (1973)  and  Pittock  (1W7).  Variations  of  the  annual 
averaged  ozone  amount  in  different  layers  for  a group  of  stations  in  mid-latitudes  of  the 
Northern  Hemisphere  are  shown  in  Figure  3-28  as  prepared  by  Angell  and  Korshover  (see  WMO, 
1961).  The  annual  percentage  change  from  the  long-term  mean  is  given  ds  an  average  of  the 
observations  from  North  America,  Europe,  japwt  and  India.  The  vertical  bars  represent  two 
standard  deviations  of  the  mean  as  in  t!  case  of  total  ozone.  Some  caution  must  be  exercised 
in  evaluating  the  results  shown  >n  Figure  3-28.  The  data  base  is  n<H  homogeneous  since  less  than 
half  of  the  Umkehr  and  ozonesonde  measurements  overlap  in  place,  time,  and  period  of  tlie 
observations.  Also,  K should  be  noted  that  ozonesonde  observations  are  generally  more  reliable 
below  the  ozone  maximum  (—25  km)  and  less  reliable  above  the  ozone  maximum  than  are  Umkehr 
observations. 

In  the  32  to  46  km  layer  (heights  indicated  are  approximate),  most  sensitive  to  the  anthropogenic 
effects  of  CFCs,  the  Umkehr-derived  ozone  amount  continued  to  increase  in  1978  and  1979,  with 
the  1^9  value  comparable  to  those  prior  to  the  eruption  of  Fuego  in  1974.  The  Fuego  eruption 
brought  about  ari  'apparent*  ozone  decrease  in  this  layer  because  of  the  influence  of  strato- 
spheric aerosols  on  Umkehi  measurements.  In  both  1b  to  24  and  24  to  32  km  layeis  there 
continued  to  be  c<  slight  discrepancy  between  Umkehr-derived  and  ozor>esonde-dcrived  ozone 
trends;  the  ozonesonde  measurernents  yielding  a small  ozone  decrease  (superimposed  on  a strong 
quasi -biennial  oscillation),  the  Umkehr  measurements  showing  essentially  no  ozone  change.  In 
the  tropospheric  2 to  8 km  layer  the  ozonesondes  continued  to  indicate  an  ozone  increase  in 
north  mid-latitude  regions  of  about  *7%  per  decade.  Both  sets  of  measurements  also  provide 
evidence  of  a recent  ozone  increase  in  the  8 to  16  km  layer  bracketing  the  tropopause. 

Trends  in  layer-mean  ozone  for  successive,  overlapping  10*>ear  intervals  are  presented  in  Figure 
3-29  for  the  various  height  layers,  as  obtained  by  linear  regression.  Here  the  dashed  line  refers 
to  results  obtained  from  north  temperate  Umkehr  observations,  the  solid  line  with  crosses 
resuits  obtained  from  north  tengierate  ozonesondes,  and  the  dotted  and  dash -dot  lines  the 
results  obtained  from  north  polar  (Resolute)  and  south  temperate  (Aspendale)  ozonesondes, 
respectively. 
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Figure  3-28.  Obrcrved  ozone  variations  tor  different  layers  in  tne  troposphere  and  stratosphere. 
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Figure  3 29.  Decadal  trends  of  ozone  in  the  stratosphere  from  Umkehr  and  Ozonesonde  observations. 
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In  the  24  to  32  km  layer  the  results  are  fairly  compatible,  but  the  differences  are  larger  in  the 
lower  layers*  Thus,  in  the  2 to  8 km  tropospheric  layer  the  -^spendale  data  suggest,  until 
recently,  a decadal  ozor>e  decrease  rather  tlun  the  large  increase  indicated  by  ozonesondes  in 
north  polar  and  north  temperate  latitudes.  In  the  16  to  24  km  layer  only,  the  observations  in 
north  temperate  latitudes  indicate  a decadal  ozone  increase.  Note  that  in  the  three  middle  layers 
the  ozonesonde  data  for  north  temperate  latitudes  suggest  more  of  a decadal  ozone  decrease 
than  do  the  Umkehr  data  for  this  climatic  zone,  in  accord  with  Figure  3-28. 

In  the  critical  32  to  46  km  layer  dominated  by  photochemistry,  the  last  few  intervals  (Figure  3-29) 
suggest  essentially  no  change  in  ozone  in  north  temperate  latitudes. 

Secular  changes  in  ozone  profiles  in  the  0.7  to  10  mbar  region  on  a global  scale  have  been 
derived  by  Heath  (1981c)  from  an  analysis  of  Nimbus  4 BUV  and  Nimbus  7 S8UV  observations 
between  1970  and  1979.  The  Nimbus  4 instrument  operated  from  April  of  1970  to  March  of  1977 
and  the  Nimbus  7 instrument  began  operations  in  November  of  1978  and  continues  at  present. 
See  Chapter  2 for  a description  of  the  methods,  coverage,  and  difficulties  for  these  experiments. 

The  Nimbus  4 BUV  data  shows  a continuous  and  large  decrease  in  deduced  ozone  at  all  levels 
above  10  mbar  (~31km).  The  major  portion  of  this  decrease  is  believed  to  be  instrumental  but 
its  cause  is  not  known  with  certainty.  Because  of  such  difficulties  Heath  (1981c)  has  used  two 

methods  for  examining  the  BUV  and  SBUV  data  sets  for  trends  in  the  ozone  profile.  The  first 

method  uses  the  7-year  BUV  data  set  from  Nimbus  4 and  attempts  to  correct  for  the 

instru'nental  drift  by  normalization  to  the  Urrjcehr  profile  results  during  satellite  overpasses  of 
the  Umkehr  stations.  This  correction  is  derived  from  a linear  regression  cTialysis  of  satellite 
overpass  data  by  comparing  BUV  determined  ozone  concentrations  with  those  obtained  from  the 
ground  via  the  Umkehr  technique.  The  number  of  overpasses  ranged  from  about  500  in  the  first 
year  to  about  100  in  the  last  year.  The  correction  is  then  applied  to  the  entire  7-year  BUV  data 
set  resulting  in  the  solid  curve  in  Figure  3-30.  The  second  method  compares  the  data  from  tlie 
first  6 months  of  presumably  well-calibrated  Nimbus  7 data  in  1978  and  1979  with  the 

corresponding  months  in  1970  and  1971  of  the  Nimbus  4 data,  also  assumed  to  be  well-calibrated 
at  that  point.  This  has  been  done  on  a month-by-month  basis  as  a function  of  latitude  and 
altitude. 

The  dashed  curve  in  Figure  3-30  shows  the  globally  integrated  results  for  tlie  SBUV  in  March  of 
1979  compared  with  the  BUV'  for  March  ot  1971.  Heath  (1981c)  has  also  compared  SBUV  for  March 
1979  to  BUV  for  March  1972  and  finds  a similar  effect. 

Both  analyses  seem  to  indicate  a negative  trend  in  the  3 to  6 mbar  region  (i.e.,  35  to  40  km). 
They,  however,  show  opposite  effects  (opposite  sign  in  change  per  year)  above  2 mbar  which 
may  lie  due  to  several  possibilities:  an  incomplete  correction  of  the  BUV  drift  via  the  Umkehr 
comparison,  some  unidentified  variation  in  either  the  atmosphere  or  in  instrument  calibration,  or 
that  the  solar  cycle  has  been  responsible  for  the  decrease  up  to  197fa  and  tlx?  subsequent 
increase  from  that  time  to  19^*^ 

The  third  possibility,  that  the  upper  (xjrtion  of  the  change  in  the  ozone  profile  is  related  to  the 
solar  cycle,  is  strongly  dejiendent  upon  an  assessment  of  t!>e  change  in  sensitivity  of  the  BUV  on 
Nimbus  4 over  its  7-year  lifetime.  As  discussed  earlier,  the  determination  of  tlie  rate  of 
decreasing  sensitivity  of  BUV  over  the  7-year  period  was  derived  from  near  overpass  comparison 
with  Umkehr  observations  where  it  was  assumed  that  the  sensitivity  of  tlie  Umkehr  network  was 
invariant  with  time.  This  assessment  oi  decreasing  sensitivity  of  BUV  indicated  an  approximately 
linear  change  of  BUV  sensitivity  versus  altitude,  that  is,  about  H).35%  per  year  at  the  mean 
pressure  level  5 (22  mbar)  and  -1.5*  per  year  at  the  mean  pressure  of  level  9 (1.4  mbar). 
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Figur«  3-30.  Inferred  long-term  ozone  variations  in  the  stratosphere  from  satellite  observations. 

The  shape  of  the  observed  change  near  40  km  is  similar  to  that  predicted  due  to  chemical 
releases  of  human  origin,  but  to  i.ifer  any  cause-effect  relationship  rests  upon  maty 
assumptions.  In  the  comparison  of  SBUV  (1978-1979)  derived  ozone  with  that  from  3UV 
(1970-1971)  it  has  been  assumed  that  the  interannual  variability  in  the  mean  does  not  represent  a 
significant  contributor  to  the  effect.  A further  assumption  is  that  the  solar  cycle  effect  on 
upper  stratospheric  ozone  varies  in  phase  with  solar  activity  and  increases  monotonically  with 
increasing  altitude.  This  is  in  agreement  with  the  analysis  of  Dutsch  (1979)  who  also  found  a 
two  year  phase  lag  (ozone  following  solar  activity)  in  the  Umkehr  data  from  Arosa.  Solar  cycle 
effects  are  certainly  not  yet  fully  understood  theoretically.  For  instance,  calculations  of  the 
response  of  ozone  to  changes  in  the  solar  UV  flux,  such  as  might  be  expected  to  occur  over  a 
solar  cycle,  indicate  a maximum  expected  effect  at  about  40  km  (Chandra,  1981;  Brasseur  and 
Simon,  1981).  Thus,  the  problem  becomes  one  of  thus  uniquely  ascribing  the  40  km  change  to  its 
cause.  A major  argument  for  the  reality  of  continuing  ozone  depletion  in  the  altitude  region  of 
predicted  sensitivity  to  chemicals  of  human  origin  rests  upon  the  observation  that  the  shape  of 
the  ozone  profile  near  40  km  did  not  change  in  phase  with  the  solar  cycle  between  the  beginning 
of  BUV  observation  on  Nimbus  4 and  the  first  six  months  from  Nimbus  7. 

ESTIMATES  OF  UNCERTAINTY  IN  VERTICAL  OZONE  PROFILE  TRENDS 

The  longest  record  of  Umkehr  observations  comes  from  Arosa,  (and  those  are  available  only  since 
1956),  with  a fairly  continuous  set  of  observations  extending  from  1%1  to  the  present.  These 
data  have  been  analyzed  using  time  series  methods  as  described  above  (Penner  et  al.,  1981). 
Other  stations  have  records  that  spar  almost  as  bng  a period  as  Arosa,  but  contain  significant 
gaps.  Bloomfield  et  al.  (1981),  have  developed  a method  for  treating  less  complete  data  sets  with 
maximum  likelihood  methods  for  first  order  Markov  models.  Both  stochastic  rnodels  are  severely 
limited  due  to  the  limited  data  set  available.  Estimates  for  the  uncertainty  in  the  observed  trend 
cannot  therefore  capture  the  entire  range  of  uncertainty  for  determination  of  trends  of  human 
origin. 
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In  developing  uncertainty  estimates  we  have,  as  far  as  possible,  followed  the  breakdown  used 
for  the  total  column  data  analysis.  Fenner's  (1981)  study  was  restricted  to  a single  station,  and 
therefore  yields  an  estimate  of  the  'within-station*  component  of  variance  for  Umk^r  layers  7, 
8^  and  9 separately  and  summed.  Bloomfield  et  al.  (1981)  studied  15  stations  spanning  six 
regions,  and  provided  estimates  of  'within-stations',  ‘among-stations-within-region*,  and 
* region -to-region*  components,  for  layers  7,  8^  and  9 combined.  Even  the  latter  study  covers  only 
two  stations  outside  the  north  mid-latitu^  region.  Also,  it  should  be  noted  that,  because  of 
the  strong  decrease  of  ozone  partial  pressure  with  height  in  the  mid-stratosphere,  combining  the 
data  for  layers  7,  8,  and  9 effectively  limits  the  analysis  to  layer  7 (-«4  to  8 mbar).  Statistical 
analysis  of  8 years  of  balloonsonde  data  from  Aspendale  (Pittock,  1974b;  1977)  has  shown  that  in 
the  iower  and  mid-stratosphere  the  variance  of  the  observed  partial  pressure  is  too  large  to  be 
able  to  detect  a significant  change  over  that  short  period.  No  new  'hard*  estimates  are  available 
for  the  other  standard  errors,  but  the  ’soft'  estimates  from  NASA  RP  1049  have  in  some  cases 
been  revised. 

Table  3-15  summarizes  estimates  of  the  standard  errors  associated  with  estitnates  of  the  ozone 
changes  over  a data  interval  of  10  years  at  various  indicated  levels  in  the  atmosphere,  for 
balbonsondes,  (using  the  Mast-Brewer  or  ECC-sondes),  the  Umkehr  method,  and  the  Nimbus  7 
satellite  system.  The  estimated  standard  errors  are  reasonably  well  establisired  in  cases  where 
sufficient  data  exist  and  tiiese  estimates  are  underlined.  Other  estimates,  notably  for  natural 
trend  variations  at  various  levels  in  the  atmosphere,  are  soft  and  are  quite  uncertain.  The  latter 
are  based  on  a consideration  of  possible  sources  of  trends  and  their  likely  variations.  This  table 
represents  a substantial  revision  of  Table  6-15  in  NASA  RP  1049,  where  a more  general  qualitative 
discussion  of  the  various  sources  of  error  will  be  found.  Table  3-15  is  more  consistent  with  the 
corresponding  table  for  error  estimates  on  trends  in  total  ozone  data  (see  above).  Estimates  of 
errors  in  a rocketsonde  network,  which  ctppeared  in  NASA  RP  1049  have  not  been  included 
because  few  new  data  are  available. 

Estimates  of  errors  in  trend  estitnates  from  satellite  systems  other  than  Nimbus  7 are  not 
presented  in  Table  3-13  due  to  the  shortness  of  record.  However,  data  presented  by  Gille  (1980) 
show  that  the  LRIR,  an  infrared  limb  scanner,  determined  the  monthly  average  zonal  mean  ozone 
amounts  in  the  tropics  at  40  km  (2  to  3 mbar)  with  a standard  deviation  of  0.05  to  0.1  ppmv, 
or^1%.  This  value  includes  both  instrumental  effects  and  geophysical  variability. 

The  best  trend  estimates  are  expected  to  come  from  satellite  vertical  distribution  measurements, 
where  at  40  km  for  the  Nimbus  7 system  the  estitnated  value  of  2ofor  a real  trend  is  tl.4%  per 
decade.  Umkehr  measurements  in  layer  7,  at  33  to  38  km  altitude,  arc  more  reliable  than  Umkehr 
values  in  the  upper  layers,  but  the  estimated  2o  value  of  ±10 per  decade  is  much  higher  than 
for  the  satellite  system.  This  uncertainty  could  be  substantially  reduced  by  a more  representative 
global  network,  as  is  also  true  of  the  balloonsondes.  If  trend  evaluation  were  restricted  to  the 
north  temperate  zone  where  itwst  of  the  Umkehr  and  balloon  ozonesonde  data  are  obtained, 
°spat  coiild  be  significantly  reduced,  although  probably  by  no  iTxjre  than  50%. 

The  estimates  of  are  very  soft,  but  it  is  clear  that  in  the  troposphere,  which  is  subject  to 
large  meteorological  effects,  and  in  the  high  stratosphere,  where  solar  variations  become 
important,  might  lie  quite  large.  This  would  also  be  true  of  the  lower  stratosphere,  but  less 
so  in  the  middle  stratosphere. The  elefnent,  0pat»  provides  the  dominant  uncertainty  in  any 
effort  to  detect  a human  influence  on  the  stratospheric  ozone  layer  by  satellite. 

As  discussed  in  Chapter  1,  photochemical  rnodcis  of  the  effects  of  tropospheric  NO^  cither 
injected  by  aircraft  or  produced  by  combustion  at  the  Earth's  surface  suggest  that  during  the 
decade  of  the  1970s  these  sources  taken  separately  might  each  have  caused  a»i  increase  in 
tropospheric  ozone  content  of  the  order  of  5 to  20%  in  the  Northern  Hemisphere,  and  perhaps  1 
to  5%  in  the  Soutliern  Hemisphere.  However,  considerable  disagreement  exists  about  the  relative 
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Standard  Error  Eilimates  for  Trends  in  Ozone  Concentrations  at  Various  UveU  in  the  Atmosphere  (in  percent  per  dtc»de). 
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importance  of  surface-emitted  and  aircraft -emitted  NO^  due  to  problems  in  the  treatment  of 
removal  by  precipitation.  The  model  results  for  these  and  other  reasons  must  be  considered  very 
preliminary  and  uncertain. 

A linear  regression  fit  to  the  2 to  8 km  ozone  data  in  Figure  3-28  which  is  for  ozone  in  the  north 
temperate  zone,  reveals  a trend  of  about  '*‘7%  per  decade.  The  revealed  uncertainties  as  indicated 
by  the  error  bars  in  Figure  3-28  suggest  that  this  might  be  a statistically  significant  trend. 
However,  our  estimate  of  in  Table  3-15  is  t18%  per  decade.  This  includes  estimates  of 

uncertainties  which  are  not  revealed  in  such  a limited  data  set,  if  it  is  to  be  taken  as  an  estimate 
of  the  global  trend.  Among  the  terms  included  here  is  an  estimate  of  t7%  per  decade  for 
lOspatiak  which  is  higher  than  the  revealed  between  regions  in  the  north  temperate  zone.  This 
was  in  part  influenced  by  the  one  trend  estimate  obtained  from  a single  station  (Aspendale)  in 
the  Southern  Hemisphere,  which  was  about  -20%  per  decade  (Pittock,  1974b).  If  we  wish  to  test 
for  a significant  trend  in  the  north  temperate  zone  only,  the  appropriate  will  thus  be 

smaller,  which  could  reduce  to  about  ±14%  per  decade.  Thus  we  can  conclude  that  the 

estimated  trend  in  the  data  differs  from  zero  by  only  about  It  thus  has  a probability  of 

only  about  2 in  3 of  being  a real  trend. 

Nevertheless,  the  order  of  magnitude  agreement  between  the  possible  real  observed  increase  in 
tropospheric  ozone  content  in  the  north  temperate  zone  and  that  tentatively  predicted  by  the 
inodcis  is  suggestive.  More  extensive  analysis,  measurements  and  modeling  are  clearly  desirable  in 
order  to  confirm  or  deny  the  reality  of  this  possible  effect  of  humai  activity  on  tropospheric 
ozone. 

Recause  of  the  lack  of  continuous  and  constantly  calibrated  observations  and  the  known 
degradation  which  occurred  in  the  Nimbus  4 BUV  data  as  discussed  abovev  the  dip  apparently 
observed  in  the  Nimbus  4 data  and  tlie  comparison  with  Nimbus  7 in  the  ozone  profile  at  around 
40  km  altitude  is  somewhat  open  to  question.  Nevertheless,  if  we  accept  the  suggested 
explanation  for  the  change  in  profile,  namely  that  this  is  due  to  variation  over  the  solar  cycle, 
the  data  suggest  that  at  40  km  the  ozone  concentration  decreased  between  1970  and  1979  by 
about  5%.  This  is  greater  than  the  estimated  uncertainty  of  the  trend  2oof^1.4%  per  decade 
which  is  included  in  Table  3-15  for  the  Nimbus  7 system. 

COMPARISON  OF  PHOTOCHEMICAL  MODEL  PREDICTIONS  AND  ESTIMATED 
OZONE  TRENDS 

The  comparisons  of  predicted  distributions  of  chemical  species  in  the  stratosphere  and  the 
corresponding  observed  distributions  discussed  in  Chapter  1 provide  a level  of  confidence  in  the 
adequacy  of  the  existing  theoretical  models  in  describing  many  of  the  essential  features  of  the 
stratosphere.  However,  in  order  to  assess  hypothesized  potential  changes  in  stratospheric 
chemical  structure  brought  about  by  past  and  future  human  activities,  the  models  must  be  able 
to  predict  some  past  events  in  a time  dependent  scenario.  As  preceding  sections  of  this  chapter 
have  demonstrated,  many  such  potential  factors  influencing  ozone  most  likely  have  occurred 
during  the  past  two  decades  and  the  models  (1-D  and  some  2-0)  have  made  predictions 
(estimates)  of  the  expected  changes.  All  "predictions*  covering  ozone  changes  over  the  past  can 
in  principle  be  evaluated  with  the  appropriate  observed  ozone  trends.  Nevertheless  due  to 
limited  data  of  varying  quality  and  "unrevealed"  influencing  factors  such  comparisons  are  far  from 
simple. 

As  was  discussed  before,  the  best  available  "global*  total  ozone  records  cover  only  the  last  two 
decades  (1960-1900).  Statistical  analyses  of  the  ground-based  data  yield  the  following  estimates 
of  the  hypothesized  linear  trend  for  total  ozone  for  the  decade  1970-1980: 


MODEL  PREDICTIONS  AND  TREND  ANALYSIS 


3-53 


{1.7  t 2.0)% 
(0.8  i 1.35)% 
(1.1  ± 1.20)% 


Bloomfield  et  a!.  (1981) 
Reinsel  et  al.  (1961a) 
St.  Jonn  et  al.  (19B1) 


(St.  John  et  al.  did  not  use  a linear  trend  test  function  for  this  decade,  but  for  the  current 
purpose  it  is  not  necessary  to  discuss  the  details.) 


Over  this  decade  the  major  activities  which  could  affect  ozone  are  high  altitude  subsonic  aircraft 
operations,  CFC  releases,  and  CO2  Increases.  The  corresponding  model  estimated  trends 
(1970-1900)  due  to  these  perturbations  are: 


(-0.4  to  -0.7)%  for  CFC -only  scenario 


(■K).5  to  +1.5)%  for  subsonic-only  scenario 


(■K).2  to  +0.4)%  for  C02-only  scenario 

These  results  reaffirm  the  point  that  the  assumption  of  a CFC-only  scenario  for  the  past  decade 
is  clearly  inconsistent  with  the  observations.  This  is  not  to  say  that  the  statistical  time  series 
model  of  the  observed  ozone  trend  is  inconsistent  with  the  CFC  release  - ozone  depletion 
hypothesis.  In  fact,  using  tlie  best  estimates  of  changes  in  the  major  source  species  for  the  past 
decade,  the  best  combined  scenario  model  predicts  the  1970-1900  total  ozone  trend  to  be  about 
(-.13  to  +.13)%.  (See  section  entitled  ‘Combined  Scenarios’.)  This  range  reflects  the  differences 
in  HOx  and  CIONO2  chemistry  as  represented  by  chemistry  B and  chemistry  D,  respectively.  (See 
section  entitled  ’Model  Prediction  of  Potential  Anthropogenic  Perturbations’.)  The  full  range  of 
uncertainty  In  model  predictions  d'je  to  uncertainties  in  chemical  reaction  rate  coefficients  is 
expected  to  be  much  larger,  but  no  new  assessment  has  been  made  at  this  time. 

In  the  statistical  tinie  series  model  the  objective  is  not  only  to  estirnate  the  most  likely  trend  but 
also  to  estimate  the  standard  error  range  for  the  trend.  For  hypothesis  testing;  if  the  prediction 
is  outside  of  the  range  then  the  common  practice  is  to  question  the  proposed  mechanisms.  If 
the  prediction  is  within  the  range  then  the  statistical  model  has  not  demonstrated  any 
inconsistency  between  hypothesis  and  data. 

During  the  past  decade,  tlie  three  principal  perturbing  influences  on  ozone  appear  to  have  been 
an  increasing  CFC  content  leading  to  a decrease  in  ozone  in  the  middle  stratosphere,  an 
increasing  CO2  content  leading  to  an  increase  in  ozone  in  the  upper  stratosphere,  and  the 
emissions  from  subsonic  aircraft  affecting  ozone  in  the  lower  stratosphere  and  upper 
troposphere.  The  combined  effect  of  these  on  the  vertical  ozone  distribution  as  predicted  by 
models  is  shown  in  Figure  3-17. 

The  available  data  for  comparisons  are  more  limited  and  more  uncertain  tlian  the  total  ozone 
data.  Although  the  preUminary  results  of  both  upper  stratospheric  ozone  and  upper  tropospheric 
ozone  trends  (sealon  entitled  Observed  Changes  in  Vertical  Ozone  Profiles)  all  appear  to  be 
consistent  with  the  model  predictions,  it  is  premature  to  make  this  assessment.  The  satellite  and 
the  Umkehr  data  must  be  further  evaluated  and  analyzed.  Many  assumptions  used  in  the  analysis 
and  interpretations  of  satellite  data  have  not  been  confirmed  or  cross  checked.  Until  then,  one 
should  consider  the  verticzJ  ozone  distribution  changes  to  be  one  of  the  most  challenging 
research  problems  of  this  time. 
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INTERPRETATION  OF  MODEL  PREDICTIONS 


Most  of  the  predictions  of  ozone  perturbations  in  this  report  are  still  derived  from  onc-dimen- 
sional  models  (1-D).  Although  there  are  selected  results  from  two-dimensional  models  (2-D), 
they  generally  confirm  the  findings  of  1-0  models  and  elaborate  i^jon  sonie  details*  Therefore  it 
is  useful  to  reiterate  how  one  may  interpret  the  predictions  of  1-D  models. 

A onc-dimensional  model  is  phenomenological  and  is  actually  a composite  of  several  submodels. 
Its  vertical  transport  is  fitted  with  the  mean  observed  transport  rate  of  long-lived  trace  species 
on  time  scales  of  a decade  or  more.  Therefore,  for  these  species  (source  species),  the  model 
represents  a global  average.  Since  there  is  no  accurate  procedure  for  obtaining  all  the  globally 
averaged  chemical  and  photochemical  reaction  rates,  these  must  be  evaluated  locally.  Further- 
more, through  theoretical  experimentation  it  is  found  that  1-D  models  can  best  represent  the 
ozone  vertical  distribution  only  at  the  mid-latitudes.  With  regard  to  ozone  chemistry,  1-D  models 
provide  an  analysis  of  the  chemical  interactions  and  balances  under  mid-latitude  conditions. 
This  has  been  demonstrated  through  comparisons  with  results  from  2-D  models.  With  a basic 
understanding  of  existing  relations  among  mid-latitude,  tropical  and  high-latitude  ozone 
distributions,  one  can  reasonably  project  small  ozone  p>erturbations  at  mid-latitudes  to  a global 
average.  Of  course  this  is  quite  subjective  end  requires  validation  by  more  elaborate  models. 
Available  2-D  models  all  seem  to  provide  results  consistent  with  1-D  models. 

Current  understanding  indicates  that  photochemistry  dominates  over  all  other  physical  processes 
in  determining  ozone  distributions  in  the  upper  stratosphere.  Consequently,  viewing  1-D  models 
as  pure  local  photochemical  models  is  quite  reasonable  and  there  are  no  serious  problems  in 
accepting  1-D  predictions  of  changes  at  tliese  altitudes  as  globally  representative.  The  principal 
concern  about  the  quality  of  theoretical  models  in  this  region  is  with  representation  of  physical 
processes  such  as  solar  heating  due  to  ozone,  H2O,  and  CO2  changes,  possible  solar  UV  varia- 
bility, and  others.  Upper  stratosphere  ozone  is  more  sensitive  to  these  uncertainties,  hence  there 
is  difficulty  in  modeling  the  'real*  trend  during  tlie  past  decade  in  this  region. 

In  addition  to  these  technical  considerations  there  is  a subjective  element  in  considering  the 
model  predictions.  Uncertainties  in  measured  solar  flux  intensity,  chemical  kinetics  reaction  rate 
coefficients,  model  boundary  conditions,  transport  coefficients,  source  distributions,  and  others 
can,  in  principle,  be  evaluated.  Although  all  these  parameters  are  not  known  to  similar  degrees 
of  accuracy,  recent  progress  in  analysis,  techniques  and  measurement  programs  promise  steady 
improvements  in  the  years  to  come.  Present  analysis  of  the  uncertainties  inherent  in  the  model 
predictions  can  be  considered  only  as  the  best  available  information.  The  unquantified  uncertain- 
ties, such  as  the  possibility  of  missing  chemistry,  the  adequacies  of  1-D,  2-D  or  3-0  model 
transport  formulations,  diurnal,  seasonal,  or  spatial  averaging  procedures  for  the  nonlinear 
interactions,  and  tiie  adequacy  of  tnodcl  validation  procedures,  by  necessity,  must  be  evaluated 
on  a mostly  subjective  basis. 

Existing  views  of  tlie  model's  ability  to  describe  the  present  day  atmosphere  and  predict 
potential  perturbations  span  the  range  from  a high  level  of  confidence  based  on  the  positive 
results  discussed  in  previous  sections  to  strong  reservations  based  on  the  still  unquantified 
uncertainties.  The  subjective  components  in  the  interpretation  of  model  predictions  will 
probably  persist. 

The  compleinentary  relationship  among  1-D,  2-D  and  3-U  models  is  widely  accepted  and  current 
information  strongly  supports  this  view.  Recent  results  from  two-dimensional  models  on  strato- 
spheric ozone  perturbation  studies  serve  to  elaborate  on  the  seasonal  and  latitudinal  variations 
of  the  ozone  change  but  have  not  significantly  altered  global  average  predictions  based  on  1-D 
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nrK)dcls«  Multi~dimensional  models  have  pointed  to  new  coupling  processes,  most  notable  in  the 
troposphere;  that  could  not  be  studied  with  VD  models,  (e*gi,  tropospheric-stratospheric 
exchange  processes). 

Theoretical  models  c:e  only  one  component  in  the  process  of  evaluating  our  understanding  of 
ozone  changes.  The  descriptive  analysis  and  statistical  analysis  of  time  series  models  are  the 
other  components.  Descriptive  analysis  provides  a qualitative  representation  pointing  out  the 
variations  in  the  ozone  records.  It  does  not  necessarily  establish  a time  trend  with  a statistically 
quantifiable  degree  of  certainty.  On  the  other  hand  the  time  series  model  of  ozone  trend  can 
test  any  given  hypothesis  with  some  quantifiable  degree  of  certainty.  But  it  does  not  provide  any 
information  on  why  a certain  trend  is  or  is  not  observed. 

A statistical  time  series  model  is  perhaps  the  most  systematic  method  for  tiie  analysis  of  past 
ozone  records.  It  gives  as  good  an  estimate  of  the  trend  from  the  available  data  as  pure  analysis 
allows.  However,  analogous  to  the  theoretical  models,  these  models  have  their  own  set  of  sensi- 
tivities to  uncertain  input  parameters,  many  of  which  have  already  been  described.  This  type  of 
model  is  more  diagnostic  than  prognostic.  In  fact,  the  trend  estimates  and  the  test  function 
(e.g.,  linear  trend  in  the  seventies)  are  guided  by  chemical  model  predictions.  The  question  of 
the  most  appropriate  test  function  is  partially  answered  by  the  ability  of  the  autoregressive 
model  of  the  noise  component  (Equation  (4))  to  capture  some  of  tlie  unknown  variations.  For 
example,  Figure  3-31  an  autoregressive  moving  average  model  has  been  applied  to  the  model  of 
average  total  ozone  of  Figure  3-19. 


Figure  3-31 . Autoregressive  moving  average  analysis  of  worldwide  total  ozone. 
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Figure  3-31(a)  shows  the  original  record  and  Figure  3-31(b)  shows  the  residual  series  after  the 
autocorrelation  is  removed.  The  autocorrelation  appears  to  capture  the  upswing  in  the  1960s  and 
the  downswing  in  the  early  1970s.  An  estimate  of  the  trend  from  1970  to  1979  is  (+1.3  * 2.5)% 
decade  which  allows  for  the  uncertainty  associated  with  the  presence  of  autocorrelation.  This  is 
calculated  by  fitting  trend  and  autoregressive-moving  average  coefficients  simultaneously  in  the 
same  model  and  by  assuming  stationarity  through  1969  followed  by  linear  trend  from  1970  to 
1979.  The  two  standard  error  limits  indicate  that  the  trend  is  not  significant  at  the  95%  level. 
The  autocorrelation  has  inflated  the  uncertainty  fay  a factor  of  approximately  two  and  one-half 
over  what  would  be  expected  from  fitting  the  same  model  to  random  noise  (e.g.,  residuals) 
alone,  indicating  that  low  and  high  frequency  variations  are  captured  in  the  uncertainty.  For 
comparison,  a simple  linear  decadal  regression  trend  through  the  autocor related  original  data  for 
period  1970-1979  is  estimated  to  be  (-0.2  t 2.0)%  decade.  This  couid  be  a misleading  result  if 
taken  as  an  estimate  for  the  size,  sign  and  uncertainty  of  a deterministic  trend  as  described 
above. 

Monte  Cario  simulations  (Figures  3-31(c)-(e)),  using  a randomly  selected  noise  level,  show  what 
sort  of  patterns  can  be  generated  from  the  same  autoregressive-moving  average  model  that  fits 
the  world  data  series.  These  few  simulations  indicate  apparent  patterns  of  trends  and  cycles 
that  are  contained  in  the  autocorrelation  model.  Therefore  unhypothesized  variation  can  be 
captured  and  represented  as  components  of  standard  errors.  Unfortunately  the  sensitivity 
relation  between  ozone  data  and  the  time  series  nxjdel  is  not  dear,  Reinsel  et  al.  (1981  b)  has 
reanalyzed  the  data  from  1960-1960  using  a test  function  in  the  sixties  similar  to  the  suggested 
model  predicted  ozone  change  due  to  past  atnxrspheric  nuclear  tests  (Chang  et  al.,  1979c)  while 
retaining  the  linear  trend  in  the  seventies.  The  estimated  trend  and  standard  error  have  changed 
from  the  above  result  of  (0.8  t 1.35)%  to  (0.49  t 1.35)%  in  the  seventies.  It  w.  ; somewhat 
surprising  that  with  a more  elaborate  test  function  (i.e.,  using  more  physical  theory)  these 
standard  errors  did  not  change.  More  studies  on  the  relation  of  data  length  to  model  assump- 
tions are  required  before  the  sensitivity  of  the  trend  estimate  and  standard  errors  on  input 
assumptions  can  be  understood. 

Since  the  test  functions  are  diagnostic,  tlie  only  component  of  a time  series  model  that  may  be 
predictive  is  the  autoregressive  model  of  the  noise  component.  The  autoregressive  relations 
developed  for  most  of  the  existing  ozone  records  do  not  extend  over  a period  of  as  much  as  a 
year.  Therefore  tliey  are  not  able  to  'predict*  over  any  length  of  time  beyond  a few  months. 
Using  the  current  data  to  estimate  future  trend  will  only  increase  the  standard  error 
proportionately  (i.e.,  doubling  the  period  will  double  the  standard  error).  In  general  there  can 
be  no  increase  in  diagnostic  power  without  an  increase  in  the  length  of  the  data  record. 
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APPENDIX  A 

CHEMICAL  KINETICS  AND  PHOTOCHEMISTRY 


INTRODUCTION 

The  present  compilation  of  rate  constant  data  for  use  in  stratospheric  modeling  was  prepared 
jointly  by  the  Task  Croup  on  Chemical  Kinetics  of  COOATA  and  the  NASA  for  Data  Evaluation.  A 
three  day  workshop  was  held  in  Boulder,  Colorado,  in  March,  1961.  The  resulting  set  of 
recommendations  was  based  mainly  on  prior  evaluations  by  each  group;  i.e.,  JPL  81-3  for  the 
NASA  Panel  and  Baulch  et  al.  (1961),  for  the  COOATA  group.  For  the  most  part,  there  were  no 
large  differences  between  the  two  previous  evaluations,  and  where  differences  did  exist,  they 
were  mainly  due  to  the  fact  that  the  evaluations  had  been  prepared  at  different  times  and, 
therefore,  had  different  data  available  to  them.  Reconenendations  for  cross  sections  were  un- 
changed from  those  of  )PL  81-3  and  Baulch  et  al.  (1980). 

There  were,  however,  areas  of  controversy  within  the  joint  panel.  In  a few  cases,  bearing  on 
reactions  of  major  importance,  new  data  (or  new  interpretations  of  data)  generated  considerable 
debate  as  to  the  proper  reconrwnendation.  In  deciding  the  possible  role  of  isomers  in  the  CIO  ♦ 
NO2  reaction,  major  disagreement  existed,  and  the  issue  was  decided  by  means  of  a majority 
vote. 

PHILOSOPHY  OF  THE  EVALUATION 


Previous  NASA  and  COOATA  evaluations  have  been  based  primarily  on  published  experimental 
data,  with  theory  being  invoked  only  where  necessary  to  extrapolate  or  correlate  laboratory 
measurements,  ir:  rases  where  tlie  experimental  data  appeared  to  be  inconsistent  with  the- 
oretical expectations,  this  fact  was  pointed  out  as  a warning  that  the  data  might  be  suspect.  For 
the  most  part,  these  inconsistencies  took  the  forn;  of  unreasonable  A-factors  in  rate  constants, 
which  can  easily  arise  when  there  are  small,  systematic  errors  in  the  measurement  of  rate 
constants  as  a function  of  temperature. 

In  the  present  joint  evaluation  a more  expanded  role  of  theory  has  been  adopted.  In  taking  this 
larger  view  the  panel  has  not  rejected  out  of  hand  the  results  of  experimental  studies,  but  has 
examined  them  more  rigorously  in  the  light  of  theoretical  reasonableness.  In  addition  to  the 
previous  practice  of  pointing  out  discrepancies  between  theory  and  experiment  by  means  of 
textual  discussion  and  the  assignment  of  appropriate  error  limits,  the  panel  has,  in  some  cases, 
declined  to  recommend  certain  reported  pressure  and  temperature  dependences  which  seemed 
irrecorKilable  with  theory.  Theses  changes  applied  mainly  to  HO^  chemistry,  where,  despite  a 
thread  of  consistency  between  several  experimental  results  by  different  researchers,  the  resulting 
kinetic  behavior  of  some  of  the  KU^  reactions  appeared  to  be  incompatible  with  theoretical 
interpretations.  These  issues  are  discussed  specifically  and  in  greater  detail  in  later  sections  of 
this  chapter  dealing  with  individual  reactions. 

REACTION  CATEGORIES 


For  purposes  of  tabulation  it  is  convenient  to  divide  reactions  into  two  categories,  bimolecular 
(Table  A-1)  and  termolecular  (Table  A-2).  However,  sonie  of  the  reactions  in  Table  A-1  which  are 
nominally  birrmlecular  are  actually  more  complex.  To  provide  framework  for  explaining  the 
anomalous  pressure  and  temperature  dependences  occasionally  seen  in  actions  of  this  type,  it  is 
necessary  to  further  divide  the  bintolecuiar  class  of  reactions  into  the  two  subcategories  of 
direct  (concerted)  and  indirect  (non-concerted)  reactions. 
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Table  A-1 

Rau  Conatants  for  Sactmd  Order  HaactioDa  (continued) 


Reaction 

A'Factor 

E/Rt  (ii/R) 

k(298<4C) 

Uncertainty 
Factor/298  K 

0 + Oj  M O3 

(See  Table  A-2) 

0 + ^2  ^ ^2 

1.5x10'*  • 

22181150 

88x10*5 

I.IS 

OjtNO-NOj  + Oj 

3,8xIO'*2 

15801150 

1.9x10'*^ 

I.IS 

HO  f NO2  M HNO3 

(Sec  Table  A-2) 

O + NOj'NO  + Oj 

9.3x10*2 

°-150 

9.3x10*2 

1.1 

0 fHNOj*  H0  + NO3 

- 

- 

<3.0x10'*2 

- 

0 + HO2NO2*  producti 

7. 4x1  O'*  2 

26301300 

1.1x10*5 

2.0 

N + Oj'NO  + O 

4,4x10'*2 

32201340 

8.9xur*'^ 

1.25 

N + NO  * Nj  ♦ 0 

3.7x10'*' 

01100 

3.7x10'** 

1.4 

HO  ♦ HNO3  - producti 

1.5x10'*^ 

<650t^?g) 

lJxlO'*3 

1.4 

HO  + HO2NO2  • pioducti 

4.0x10''2 

01400 

4.0x10*2 

+2;-4 

N + NO2 ♦ N2O ♦ 0 

- 

1 4x10*  2 

10 

N + O3 • NO  ♦ O2 

~ 

<1.0x10*5 

- 

NOj  ♦ O3  • NO3  + O2 

1.2x10*3 

2450+150 

3.2xl0*2 

1.15 

HO2  ♦ NOj  M HO2NO2 

(See  Table  A-2) 

NO+NO3*  2NO, 

- 

2.0x10'" 

3.0 

0('u)  + N-,0.N2  + 02 

4.4x10*' 

OllOO 

4.4xl0" 

1.4 

0('d)  + N20-N0  + N0 

7.2  10'*’ 

OilOO 

7.2xlo" 

1.4 

0('d)  + H20H0  + H0 

2.3x18'*° 

oil  00 

2.3x10*° 

1.2 

0(‘D)  + CH4-H0  + CH3 

1.4x10''° 

OtIOO 

1.4x10'*° 

1.2 

0(‘D)  + CH4-H2+CH20 

1.5x10'** 

O-xlOO 

lixlO'*' 

1.2 

0(*D)  + H2’H0  + H 

1 1x10'*° 

OtIOO 

1.1x10'*° 

1.3 

0('d)+N2-0+N2 

1.8x10'" 

-(1071100) 

2.6x10** 

1.2 

0('D)  + N2  M NiO 

(See  Table  A 2) 

0( ' D)  ♦ Oj  • 0 ♦ Oi 

3.2x10'" 

-(671100) 

4 0x10** 

1.2 

Ot‘D)tO3-0,  + 02 

1.2x10'** 

OtIOO 

1.2x10  *° 

1.2 
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Table  A-1 

Rate  Constants  for  Second  Order  Reactions  (continued) 


Reaction 

A-Factor 

m±  (E/R) 

k(298K) 

Uncertainty 
Factor/298  K 

0(1d)  + 03-02  + 0 + 0 

OilOO 

1.2x10**° 

12 

0(*D)  + Ha-HO  + a 

1.4x10**° 

OtlOO 

1.4x10*° 

13 

0(*D)  + CFQj  * products 

2.2x10**° 

0+100 

22x10**° 

) 6 

0(*D)  + CF2a2*  products 

1.4x10**° 

0+1 OG 

1.4x10**° 

1.6 

0(*D)  + CQ^-  products 

33x10**° 

OtlOO 

33x10**° 

1.6 

0(^  D)  + CQ2O  * products 

3.6x10**° 

OtlOO 

3j6x10**° 

2.0 

0(‘D)  + CFaO- products 

1.9x10**° 

OtlOO 

15x10**° 

2.0 

0(  *D)  + CF2O  - products 

23x10**° 

OtlOO 

23x10**° 

2.0 

0(‘d)  + NH3-H0  + NH2 

23x10**° 

0+100 

23x10**° 

13 

0(*D)  + C02-0  + C02 

7.4x10*** 

-(1I7±100) 

1.1x10**° 

1.2 

0 + N03'02  + N02 

1.0x10'** 

OtlSO 

1.0x10** 

3.0 

0 + N2O5  - products 

- 

- 

<3.0x10**^ 

- 

O3  + HNO2-O2  + HNO3 

- 

- 

<5.0x10**^ 

- 

HO  + HO2-H2O  + O2 

8.0x10** 

0±250 

8.0x10*** 

2.0 

HO2  HO2 ' H2O2  + O2 

3x10*2 

rt+500 

°-300 

3.0x10'*2 

3.0 

NOt  H02‘  NO2  + HO 

3.7x10**2 

<2401100) 

83x10**2 

1.2 

H02  + 03*HO  + 202 

l.dxlO**"* 

cort+500 

5^-100 

2.0x10'*5 

13 

OH  + O3HO2  + O2 

1.6x1 0**2 

9401300 

6.8x10**'* 

1.2s 

O + TO'02  + H 

2.3x10*** 

<110+200) 

33x10*** 

13 

0 + H02'HO  + 02 

33.x  10*** 

0±3S0 

3.5x10*** 

2.0 

0 + H202-H0  + HO2 

1.0x10** 

250011000 

2. 3x1  O'*  5 

2.0 

H + O2  M HOj 

(SeeTa  kA-2) 

H + O3HO  + O2 

1.4x10**° 

4701200 

2.9x10*** 

1.25 

HO  + HO-H20  + 0 

4.5x10**2 

275+275 

1.8x10**2 

1.4 

HO  + HO  M H2O2 

(See  Table  A-2) 

HO+  H202  * H2O  + HO2 

2.9x  10*2 

I6O1IOO 

1.7x10**2 

1.25 
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Table  A-1 

Rate  Conitanti  for  Second  Order  Reactiona  (continued) 


Reaction 

A-Factor 

E,R+  tl/R) 

li(298  K) 

Uncertainty 
Factor/298  K 

HO + 00  C02  + H 

I.35xI0‘3(1+P„„) 

ot:oo 

1.3Sx10-’3(1+P,,^) 

1.25 

H0  + CH^-CH3*H20 

:.4xl0’‘ 

17l0t200 

7.7x10-" 

1.2 

HO  ♦ H,  • HjO  ♦ H 

7.7x!0*‘“ 

21001200 

6.7x10‘5 

12 

a + Oj-ao  + Oj 

:.8xio‘’ 

2571100 

1.2x10-’’ 

1.15 

0 + 00*0  + 02 

7.7xlO‘“ 

130H30 

5. Ox  10” 

IJ 

NO  + OO  -N02*^T 

6.2x10‘*‘ 

K294HOO) 

1.7xl0” 

1.15 

HO  + HO  H2O  + 0 

2.8xlO*- 

425+100 

6.6xl0’^ 

1.15 

KO  + HOO-H20  + 00 

3.Oxl0‘- 

1 

‘^^-150 

1.8x10 

10.0 

O + CH4  • HO  + CH , 

9.6xl0‘^ 

1350+250 

lOxlo’^ 

1.1 

0+C2.1(,*H0+C2H5 

7.7x10-" 

90±90 

S.7xl0” 

1.1 

O + HO2  HO+Oi 

4.8>10" 

01250 

4,8xl0” 

2.0 

00  + NO,  M OONO, 

(See  Table  A-2) 

0 + CIONO,  - products 

3.0x10-’* 

8081200 

2.0x10-’^ 

1.5 

HO  + OONO->  • products 

1.2x10-’* 

3331200 

3.9x!0‘-^ 

IS 

0 + OONO,  ■ piod'icts 

1.7xl0’* 

607+388 

2.2x10 

2.0 

O + HO  HO  + O 

l.lxio” 

3370+350 

1 4x10"’^ 

2.0 

O + HOO  HO + 00 

l.OxlO-’’ 

2200+1000 

60x10-’*' 

10.0 

a + H,  • HO  + H 

3.5xl0” 

2290+200 

1.6x10"’^ 

1.5 

O + HjO,  HO  + HO2 

1. 1x10"’  ’ 

9801500 

4.1x10 

1.5 

0 + UNO  3 • products 

<1.0xl0” 

1 7n+2500 
-170  ,5QQ 

<7.0xl0’^ 

0 + H,ro  • HO  + HCO 

8.2xl0  ’ ’ 

.341100 

7.3xl0” 

1.15 

O+Ot^O  ■CH,0  +HO 

3.4xl0” 

1260+200 

4.9x10-'-’ 

1.2 

0 + NO  M NOO 

(See  Table  A-2) 

0 +ONO  NO  + O, 

.VOxlo” 

3.0x10” 

n + 0,  M noo 

(See  Table  A-2) 

WM 
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Table  A-l 

Rate  Coiutanti  for  Second  Order  Reacdoni  (continued) 


Reaction 

A-FKtor 

Em  (E/R) 

kQ98K) 

a + ooo*a,  + o-, 

* m 

1 .4*10‘‘® 

01250 

1.4x10'*° 

a + aoo-ao+ao 

8,0xI0''2 

012S0 

8.0x10**  ■* 

a+ajO-aj+ao 

9.8xl0'“ 

01250 

9,8x10*'* 

0 + 020-00  + 00 

- 

- 

4.0x10**^ 

OO  + HOj-HOO+Oj 

4.6x10**^ 

<7I0*^ 

5x10*2 

OO  + HiCO  - product! 

<1.0xl0‘^ 

>2040 

<1.0x10*** 

OO  ^ HO  • products 

- 

- 

9.1x10*2 

QO  + CH^  -products 

cl.Oxlo'- 

>3700 

<4.0x10** 

OO  + - p'oducts 

<l,OxlO‘‘^ 

>4800 

<1.0x10*’ 

OO  + CO  • products 

cl.Oxlo'* 

>3700 

<4.0x10**® 

OO  + N-vO  - products 

<1.0x10*  2 

>4260 

<6,0x10**’ 

OO  ♦ BtO  • Br  ♦ OOO 

6.7xl0'*‘ 

0+250 

6.7x10*2 

OO  ♦ BrO  • Br  ♦ O + 0, 

6.7xl0'*- 

0+250 

6.7x10*2 

OO  + CIO  -products 

OO  + 0,  • OOO  + 0; 

l.Oxlo'- 

>-*000 

<1.0xl0’* 

00  + 0,  -000  + 0, 

I.OxlO** 

>4000 

<1.0x10** 

n ♦ ocio  * CIO  + no 

S.dxlO'** 

0+250 

5.9x10*' 

NO  + OOO  - NO,  ♦ CIO 

:,5xlO‘*‘ 

600+.t00 

3.4x10*-* 

0 + 000*00  + 0, 

:.5xio'' 

1166+300 

S.OxlO*-* 

H0  + CH,CICH,0  + H,0 

1.8x!0** 

11(2+200 

4.3x10'*^ 

H0  + CH,O, -CHCl, + H,0 

4 5xl0'*- 

10321200 

1.4xl0'-* 

HO  + CHCl,  -aT,  + H,0 

.Uxio'* 

10.+4+200 

1 0x10*-* 

HO  + CHFO,  CFO,  + H,0 

101,5+200 

3.0X10*'* 

H0  + CHF,0-CF,0  + H,0 

7,8xl0*’ 

15301200 

4, 6x10** 

Uncertainty 
Factor/298  K 
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TaUe  A-i 

Rate  Cooitanta  for  Second  (kder  Reactioni  (continued) 


Reaction 

A-Factor 

E/R±  (E/R) 

k(298  K) 

Uncertainty 
Factor/298  K 

HO  + CHiOF-CFaF  + HjO 

2.0x10*2 

1134±1S0 

4.4x10*^ 

1.2 

HO  + CH3CCl3CH2Ca3  ♦ HjO 

5.4xI0'2 

18201200 

1.2x10'*'* 

IJ 

HO  ♦ C-jCl^  ^ products 

9.4x10'2 

12001200 

1.7x10*2 

1.25 

HO  ♦ C-)HC1  ^ • products 

5.0x10*-^ 

■(44S1200) 

2.2x10*2 

125 

HO  ♦ CFCI3  • products 

1.0x10*  2 

>3650 

<5.0x10*® 

- 

HO  ♦ CF  iQi  • products 

1.0x10*2 

>3560 

<6.5x10*® 

- 

Br  ♦ O3  - BrO  + O2 

1.4xl0'* 

755+200 

l.lxl0'*2 

1.2 

0+  BrO-Br  +0, 

3,0x10** 

0+250 

3.0x10'** 

Br0  + N0-N02  + Br 

8.7x10‘*2 

■(2651130) 

2.1x10'** 

1.15 

BrO  ♦ NO2  M BrON02 
BrO  t BrO  • : Br  + ©2 

(See  Table  A- 2) 

1.0x10*  2 

-(244+250) 

2.3x10'*2 

1.5 

BrO  + BrO*Br->  + 0-> 

1.8x10*  2 

■(244+250) 

4.0x10*2 

1.5 

BrO  + 0,  • Bt  + 2 O2 

1.0x10*  2 

>1600 

<5. Ox  10*  2 

- 

BT  + H202  HBr  + H02 

1.0x10  * * 

>2500 

<2.0x10'**’ 

Br  + HO2  • HBr  + O2 

■■ 

- 

- 

- 

Br  + H2CO  HBr  ♦ HCO 

1.4x10** 

750+250 

1.1x10*2 

1.5 

HO  + HBr  • H2O  + Br 

8.5x10*2 

01250 

8.5x10*  2 

2.0 

0 + HBr  • HO  + Br 

7.Ox10*2 

1570+300 

3.9x10'*** 

1.5 

BrO  + HO2  • HOBr  ♦ O2 

5.0x10*2 

5 0 

BrO  + HO  • products 

- 

9,0x10*  2 

5.0 

HO  + CH,Br  .CH2Br+  H,0 

6 IxlO'*  * 

825+200 

3.8x10'*'* 

1.25 

F + O,  FO  + O, 

2.8x10*' 

226+200 

1.3x10'** 

2.0 

F ♦ 0;  M 10, 

F + H2  ■ HF  + H 

(See  Table  A-2) 

2.0x10'*® 

6201250 

2.5x10'** 

1.5 

F^CH,HF+CHi 

30xl0'*° 

4001300 

8.0x10'** 

2.0 
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Table  A-1. 

Rate  Constants  for  Second  0<br  Reactlruu 


Reaction 

F + H20HF  + 0H 
0 + F0*F  + 0^ 

A 

NO  + FO-NO,  + F 
F0  + F0'2F  + 0-, 

FO  + O3  - F + 2 O2 
FO  + O3  ♦ FOi  + 0 , 

O + FOt  -FO  + Ot 
0(‘D)  + HF-0H  + F 
CH3+O2MCH3O2 
CH3  + 0-* -prcKlucts 
CHj  + O'HiCO  + H 
CH302  + NO-CH30  + N02 
CH3O2  + NO,  CH30,N0, 
CH,0, + 03-CH30  + 20, 
CH3O,  ♦ HO,  • CH3OOH  + O, 
CH3O,  i SO,  • products 
CH3O,  + CH3O,  -prviducu 
CH3O  + O,  H,CO  + HO, 

HO  + H,CO  • HCO  t H,0 
0+H,CO  'products 
HCO  ♦ 0,  • CO  + HO, 

■ 'O  + CH  ^OOH  -priHlucts 
0 + H,S  HO  + SH 
O + (x:s  • CO  ♦ SO 
0 + CS,*CS  + S0 
HO  + H,S  SH  ♦ H,0 

HO  + OCS  • pritducts 
HO  * CS,  - products 


A-Factor 

E/Rl  (E/R) 

2.2xl0" 

5.0x10*' 

Qi250 

:.6xio" 

0±250 

1.5x10'" 

01250 

S.Oxlo" 

0*250 

1.0x10-'° 

(See  Table  A-2) 
1.3xl0'° 

0+2  .lO 

7.4x10‘2 

(See  Table  A 2) 

6.0x10*- 

3.6xl0'^ 

l.Oxlo'- 

:050t750 

1.0x10'" 

3,Oxl0" 

15SO+2.SO 

5. 0x10*- 

0+2. SO 

:.:xio'- 

160tl60 

1.4xlo" 

l«20l750 

Mxio" 

22001150 

2.4xl0‘" 

5301150 

4.2xl0'- 

0*220 

Uncertainty 


k(298K) 

Factor/298  K 

1.1x10'" 

5,0 

5.0x10'" 

3.0 

2.6x10'*  * 

2.0 

1.5x10'" 

3.0 

5.0x10'" 

5.0 

5.0 

<10*^ 

lJxlO'*° 

1.5 

7.4x10'*- 

1.25 

<2x10'*’ 

_ 

b.Oxlo'- 

5,0 

xS.OxlO*^ 

- 

3.bxl0'-' 

1.5 

I.Oxlo'-'’ 

10.0 

l.Oxlo" 

1.25 

1.6x10*-^ 

1 25 

5.0x10*  * 

1.4 

l.3xl0'- 

5.0 

2.2xlO'*^ 

2.0 

IJxlo'"* 

1.2 

3.4x10*- 

1.2 

4.2x10*^ 

1.4 

<1.0x10*^ 

<1.5x10-*^ 
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Table  A-2 

Rate  Conttanti  for  Three-Body  Reactions 


HO:  ♦ NOi  M HO2NO2 
HO  ♦ NO:  M HNO3 
ao  + NO:  M aoNO: 

M isiMtwr 

♦ 

CH3  ^ o:  M CH30: 

♦ 

0 + 0:  M 03 
ch'D)  + n:  m n:o 

a + NO  1^  QNO 

a ♦ NO  M QNOi 

* (CIONO) 

a + o:  acK) 

H + O^  M HO’ 

HO  + NO  M HONO 

* 

F + O’  M FO’ 

HO  ♦ HO  M H:0: 

♦ 

CH30:  ♦ NO:  M ch30:N0: 

F + NO  M FNO 

•» 

K>  ♦ NO:  M f‘N03 

F + NO’  M FNO’ 

■ - (FOND) 

BtO^NO:  M BtN03 
NO:  ♦ N03  M n:05 

0 + NO  M N’O’ 

♦ ~ “ 

O ► NO:  y NI>3 
HO»SO’  M HOSO' 


Low  PrMMin  limit 
MT)  - ko^00(T/300>« 

Hiah  Brawui*  limit 
k (T)  - k 300(T/300)-n> 

ko-^00 

n 

k300 

m 

(2.1±0,4H-3I) 

5.012.0 

(6.51.UX-12) 

2.012.0 

(2.6tOJ)(v)0) 

2.91O.7 

(2.411.2X-11) 

IJilJ 

(4.S*i-)(-32) 

3.811.0 

(1.510.7X-11) 

1.911.9 

(1 x-jn 

3.811.0 

(1.510.7X-11) 

1011.9 

(:.2il.lK’}l> 

2.21 1.0 

(2.011.0X-12) 

1.711.7 

(6.2±0.9X-.)4) 

2.010.5 

_ _ 

_ 

(3.5±3.0MJ7) 

- 

- 

(9.0t2.0K-32) 

10-0.5 

_ 

— 

(l.6il.0X-30) 

1.911.0 

(3.011.5X11) 

1.01 1.0 

(2.01 1. OX-33) 

*••^1.3 

. _ 

— 

i 

(5.5t0.5X-32) 

1.410.5 

_ — 

— 

(6.711.2X-31) 

3J1I.0 

(3011.5X11) 

101 1.0 

(l.ltOJX-32) 

1,711.0 

_ _ 

— 

(2.5ilJX-3I) 

0 

bo 

boo 

(3.011.5X-11) 

1.011.0 

(I.510.8X-30) 

40^2.0 

(6.513.2X-12) 

2012.0 

(6M3JX-32) 

_ _ 

— 

(8Jife.OX-3l) 

0.7*1^ 

(2.011.0X-1I) 

1 .5 1 1 .5 

(IJ10,7)(-30) 

1.7^*;9 

(3.011.SX-11) 

1.01 1.0 

(5.0t|  OX-31) 

4.012.0 

(2Otl.0X-ll) 

2.012.0 

(1  4t0.7)(.30) 

2.811.0 

(8.014.0X13) 

nti.o 

U.2tOJX-.'l) 

1.810.5 

(3,011.0X11) 

01 1.0 

('J.Oil.OM-32) 

20110 

(2.2iO-^X-m 

Otl.0 

(3.0tl..<iX-31) 

2 911.0 

(20H.5X  12) 

01  1.0 

. 0.  0 ^ lios,0(MT.(M]/K.a))i:) 

\l  + MT)[M)/k  (T)  / 


(Thf  vilues  quoied  »rf  tuiUbk  lot  ttr  u the  thttJ  body.  M) 
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A direct  or  concerted  bimolecular  reaction  is  one  in  which  the  reactants  A and  B proceed  to 
products  C and  D without  the  intermediate  formation  of  an  A^  adduct  which  has  appreciable 
bonding;  i.e.,  no  stable  A-B  n>olecule  exists,  and  there  is  no  reaction  intermediate  other  than 
the  transition  state  of  the  reaction,  (AB)^^  , 

A + B ->■  (AB)’’*'  C + D (1) 

The  reaction  of  HO  with  CH4  forming  H2O  + CH3  is  an  example  of  a reaction  in  this  class. 

Very  useful  correlations  between  the  expected  structure  of  the  transition  state  [AB]^  and  the 
A-factor  of  the  reaction  rate  constant  can  be  made,  especially  in  reactions  which  are  constrained 
to  follow  a well-defined  approach  of  the  two  reactants  in  order  to  minimize  energy  requirements 
in  the  making  and  breaking  of  bonds. 

The  indirect  or  non-concerted  class  of  bimolecular  reactions  Is  characterized  by  a more  complex 
reaction  path  involving  a potential  well  between  reactants  and  products,  leading  to  a bound 
adduct  (or  reaction  complex)  formed  between  the  reactants  A and  B: 

A + B S [AB]*  - C + D (2) 

The  intermediate  [AB]*  is  different  from  the  transition  state  lABl^',  in  that  it  is  a bound 
molecule  which  has  a finite  lifetime  and  which  can,  in  principle,  be  isolated.  (Of  course, 
transition  states  are  involved  in  all  of  the  above  reactions,  both  forward  and  backward,  but  are 
not  explicitly  shown,  for  purposes  of  clarity).  An  example  of  this  reaction  type  is  CIO  + NO, 
which  normally  produces  Cl  ♦ NO2  as  a bimolecular  product,  but  which  undoubtedly  involves 
CIONO  (Chlorine  nitrite)  as  an  intermediate.  This  can  be  viewed  as  a chemical  activation  process 
forming  (CIONO)*  which  decomposes  unimolecularly  to  the  ultimate  products.  Cl  ♦ N02* 
Reartions  of  the  non-concerted  type  can  have  a nx>re  complex  temperature  dependence  trian 
those  of  the  concerted  type,  and,  in  particular,  can  exhibit  a pressure  dependence  if  the  lifetime 
of  [ABl*  is  comparable  to  tne  rate  of  cotlisional  deactivation  of  [AB]*.  This  arises  because  the 
relative  rate  at  which  [ABJ*  goes  to  products  C ♦ D vs.  reactants  A + B is  a sensitive  function 
of  its  excitation  energy.  Thus,  in  actions  of  this  type,  the  distinction  between  the  bimolecular 
and  termolecular  classification  becomes  less  meaningful,  and  it  is  particularly  necessary  to  study 
such  reactions  under  the  temperature  and  pressure  conditions  in  which  they  are  to  be  used  in 
model  calculations. 

TABLES  OF  RATE  CONSTANT  DATA 


The  rate  constant  tabulation  for  second-order  reactions  (Table  1-1)  gives  the  following 
information: 

• Reaction  stoichiometry  and  products,  if  known. 

• Arrhenius  A-Faclor. 

• Temperature  dependence  and  associated  uncertainty  (activation  temperature,  E/R±  aE/R). 

• Rate  constant  at  298  K.  (Based  on  all  measurements,  not  just  those  at  298  K), 

• Uncertainty  factor  at  298  K. 


Third-order  rate  constants  (Table  A-2)  are  given  in  the  form: 

ko(T)=*^o  ^(T/300)“"cm6s-1, 


(3) 
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(where  the  value  is  suitable  for  air  as  the  third  body),  together  with  the  recommended  value  of 
n.  Where  pressure  falhoff  corrections  are  necessary,  an  additional  entry  gives  the  limiting  high 
pressure  rate  constant  in  a similar  form: 

k^(T)«k.3U0(T/300)-mcm35-1,  (4) 

To  obtain  the  effective  second-order  rate  constant  for  a given  condition  of  temperature  and 
pressure  (altitude),  the  following  formula  is  used: 


k(z)=  k(M,T)  = 


koCTHMl 


1 +k^(T)[Ml/k^  (T) 


0.6 


2{-V 


(5) 


The  number  Fj.=  0.6  is  chosen  as  a unifying  compromise  for  all  of  the  three-body  reactions  of 
interest  in  the  atmosphere.  It  should  be  noted  that  in  reality  the  number  decreases  with 
irK:reasing  temperature  and  molecular  size.  It  can  be  calculated  from  nwlecular  parameters.  The 
CODATA  Panel  prefers  to  assign  Individual  values  for  each  reaction;  however,  the  practical 
effect  of  the  procedure  is  small  for  the  present  applications. 


Thus,  a compilation  of  rate  constants  of  this  type  requires  the  stipulation  of  the  four  param- 
eters, kQ(300),  n,  k.(300),  and  m.  These  can  be  found  in  Table  A-2.  The  discussion  that 
follows  outlines  the  general  methods  we  have  used  in  establishing  this  table. 

LOW-PRESSURE  LIMITING  RATE  CONSTANT  [k^)] 

Troe  (1977)  has  described  a simple  method  for  obtaining  low-pressure  limiting  rate  constants.  In 
essence  this  method  depends  on  the  definition: 

ko  ’‘(T)=  (T),  (b) 

where  >c  signifies  'strong'  collisions,  x denotes  the  bath  gas,  and  is  an  efficiency  parameter 
(0  < 6 > 1)  which  provides  a measure  of  energy  transfer. 

TS ' 

' ■ l=E 


where  < AE  > is  the  average  energy  transferred  per  collision  and  is  quite  sensitive  to  B . F^i  is 
the  correction  factor  of  the  energy  dependence  of  the  density  of  states  (a  quantity  of  the  order 
of  1.1  for  most  species  of  stratospheric  interest). 

For  many  of  the  reactions  of  possible  stratospheric  interest  reviewed  here,  there  exist  data  in  the 
low-pressure  limit  (or  very  close  thereto),  and  we  have  chosen  to  evaluate  and  unify  this  data  by 
calculating  kQ  ^*"(T)  for  the  appropriate  bath  gas,  x,  and  computing  the  value  of  correspond- 
ing to  the  experimental  value  [Troe  (1977)) . 

From  the  Bx  values  (most  of  which  are  for  N2,  i.e.,  we  compute  < h>^  according  to 

Equation  (7).  Values  of  < E>m^  of  approximately  0.3  to  1 local  mole-1  are  generally  expected.  If 
multiple  data  exist,  we  averago^the  values  of  < and  recommend  a rate  constant  correspond- 

ing to  the  computed  as  previously  indicated. 
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Where  no  data  exist,  we  have  estimated  the  low-pressure  rate  constants  by  taking  B “0.3  at 
T“300K;  a value  based  on  those  cases  where  data  exist. 

TEMPERATURE  DEPENDENCE  OF  LOW-PRESSURE  LIMITING  RATE  CONSTANTS:  n 

The  value  of  n recommended  here  comes  from  a calculation  of  < &E  >,si2  from  the  data  at  300  K, 
and  a computation  of  B fvi2  (200  K)  assuming  that  < AE  >^2  is  independent  of  temperature.  This 
g (200K)  value  is  comoined  with  the  computed  value  >f  k^j  *^(200  K)  to  give  the  expected 
value  of  the  actual  rate  constant  at  200  K.  This  latter  In  combination  with  the  value  at  300  K 
yields  the  value  of  n. 

This  procedure  can  directly  be  compared  with  measured  values  ofkjj(200  K)  when  those  exist. 
Unfortunately,  very  few  values  at  200  K are  available.  There  are  often  temperature-dependent 
studies,  but  some  ambiguity  exists  when  one  attempts  to  extrapolate  these  down  to  200  K.  If 
data  are  to  extrapolated  out  of  the  measured  temperature  range,  a choice  must  be  made  as  to  the 
functional  form  of  the  temperature  dependence.  There  are  two  general  ways  of  expressing  the 
temperature  dependence  of  rate  constants.  Either  the  Arrhenius  expression  kQ(T)=  '^exp(^/^^)  or 
the  form  k (t)  = AT"*^  is  employed.  Since  neither  of  these  extrapolation  techniques  is  soundly 
based,  and  since  thi^  often  yield  values  that  differ  substantially,  we  have  used  the  method 
explained  heretofore  as  the  basis  of  our  recommendations. 

In  |PL  79-27,  we  computed  the  extrapolated  values  at  200  K using  both  T"'’  and  Arrhenius  forms 
when  data  are  available  over  any  reasonable  temperature  range.  When  these  values  are  compared 
with  the  recommendation,  it  can  be  seen  that  the  data  are  well  accommodated  by  our  methods. 

HIGH-PRESSURE  LIMITING  RATE  CONSTANTS  lk.(T)l 

High-pressure  rate  constants  can  often  be  obtained  experimentally,  but  those  for  the  relatively 
small  species  of  atmospheric  importance  usually  reach  the  high-pressure  limit  at  inaccessibly  high 
pressures.  This  leaves  two  sources  of  these  parameters,  the  first  being  guesses  based  upon  some 
nxjdel,  and  the  second  extrapolation  of  fall-off  data  up  to  higher  pressures.  Stratospheric 
conditions  generally  render  reactions  of  interest  much  closer  to  the  low-pressure  limit,  and  thus 
are  fairly  insensitive  to  the  high-pressure  value.  This  means  that  while  the  extrapolation  is  long, 
and  the  value  of  k,„(T)  not  very  precise,  a 'reasonable  guess'  of  k^(T)  will  then  suffice.  In 
some  cases  we  have  declined  to  guess  since  the  low-pressure  limit  is  always  in  effect  over  the 
entire  range  of  stratospheric  conditions. 

TEMPERATURE  DEPENDENCE  OF  HIGH-PRESSURE  LIMITING  RATE  CONSTANTS:  m 

There  are  very  little  data  upon  which  to  base  a recommendation  for  values  of  m.  Values  in  Table 
A-2  are  estimated,  based  on  models  for  the  transition  state  of  bond  association  reactions  and 
whatever  data  are  available.  In  all  cases  the  error  limits  encompass  the  possibility  of  no 
temperature  dependence.  The  CUDATA  panel,  based  on  some  theoretical  and  experimental 
evidence  (Quack  and  Troe  1977)  prefers  to  put  msO  for  all  three-body  reactions.  For  pressures 
up  to  one  atmosphere,  this  leads  to  only  slightly  differing  representations  of  the  T and  P 
dependence  of  the  rate  constant  under  atmospheric  conditions.  Such  differences  then  can  be 
compensated  for  by  different  Ff.  values  (see  above).  New  experiments  outside  the  range  of 
atmospheric  conditions  (higher  temperatures  and  higher  pressures)  are  required  to  make  the  best 
choice  between  the  alternatives  for  the  representation  of  k(M,T)  where  M is  the  concentration  of 
the  third  body.  It  should,  however,  be  emphasized  that  the  data  fcr  three-body  reactions,  with 
the  current  available  accuracy,  are  represented  equally  well  by  the  two  procedures.  Differences 
will  become  apparent  only  when  the  precision  of  the  data  is  considerably  improved. 
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ERROR  ESTIMATES 

Meaningful  error  assignment  is  a major  problem  in  the  evaluation  of  rate  constant  data,  because 
measurement  uncertainties  tend  to  be  somewhat  random  in  nature.  Although  deviations  from  the 
central  recommended  value  of  the  rate  constants  are  usually  assumed  to  be  Gaussian  in  nature, 
this  is  not  always  the  case  and  exceptions  may  occur  in  studies  where  systematic  errors  not 
recognized  by  the  researcher  or  the  evaluators  are  involved.  One  manifestation  of  this  is  that 
there  are  occasionally  large  'wings'  to  the  error  distribution,  with  significant  probability  for 
values  of  k many  o's  from  the  central  value. 

In  some  cases,  the  measured  values  of  a rate  constant  nrtay  center  around  two  distinct  ranges, 
such  that  the  error  curve  is  binradal  in  nature.  This  situation  arises  not  infrequently,  largely  due 
to  measurements  made  by  different  groups  using  different  techniques.  This  is  a particularly 
difficult  problem  to  reconcile,  since  often  it  is  not  clear  which  of  the  two  extremes  is  most  likely 
correct,  and  intermediate  (average)  values  are  almost  certainly  incorrect,  and  do  not  constitute  a 
useful  recommendation.  Nc^vertheless,  it  is  necessary  to  present  uncertainty  parameters  in  a 
tractable  form  which  is  suitable  for  uncertainty  analysis  in  the  composite  photochemical  model. 
The  approach  taken  in  this  evaluation  was  to  select  a single  recommendation  for  every  reaction, 
and  to  make  the  corresponding  uncertainties  large  enough  to  encompass  the  alternate  value. 

For  second-order  reactions,  an  estimate  of  the  uncertainty  in  the  rate  constant  at  any  given 
temperature  (within  the  region  200-300  K)  is  given  by  the  following  expression: 


^T  = ^298 


Thus,  an  upper  or  lower  bound  (corresponding  roughly  to  one  standard  deviation  of  the  rate 
constant)  can  be  obtained  at  any  temperature  T by  multiplying  or  dividing  the  value  of  the  rate 
constant  at  that  temperature  by  the  factor  fy.  The  quantities  f298  and  A E/R  are,  respectively, 
the  uncertainty  in  the  rate  constant  at  298K  and  in  the  Arrhenius  coefficient.  These  uncertainties 
were  arrived  at  by  a somewhat  subjective  procedure,  involving  factors  such  as  the  number  of 
measurements,  the  agreement  between  them,  the  variety  of  techniques  applied,  the  skill  and 
reputation  of  the  resear<'her,  and  the  difficulty  of  the  experiment. 

For  three-body  reactions  a somewhat  analogous  procedure  was  used.  Uncertainties  expressed  as 
increnrents  to  k^  and  k«  (the  limiting  low  pressure  third  order  rate  constant  and  high  pressure 
second  order  rate  constant,  respectively)  are  given  for  these  rate  constants  at  room  temperature. 
The  additional  uncertainty  arising  from  the  temperature  extrapolation  is  expressed  as  an  un- 
certainty in  the  temjjerature  coefficients  n and  m. 

DISCUSSION  OF  SOME  SPECIFIC  REACTIONS 

This  section  reviews  those  reactions  for  which  the  recommendations  have  undergone  significant 
changes,  or  for  which  there  still  exist  serious  unanswered  questions  about  the  constants  or  re- 
action mechanism.  Fortunately,  from  the  standpoint  of  the  CFC-O3  question,  many  of  the  impor- 
tant reaction  rate  constant  , such  as  those  for  Cl  O3  NO  ♦ CIO,  O ♦ CIO  and  OH  + HCI,  have 
been  measured  reliably  and  recommendations  can  be  made  confidently.  Se^^ral  other  crucial 
reactions,  however,  still  pose  major  uncertainties. 


CHEMICAL  KINETICS  AND  PHOTOCHEMISTRY 


A-13 


The  CIO  * NO2  * M reaction  is  important  in  the  iower  stratosphere,  where  it  couples  the  CtO^ 
and  NOx  systems  and  impacts  catalytic  destruction  of  O3  by  tying  up  reactive  radicals  as 
relatively  stable  CI0N02>  The  available  kinetics  data  for  this  reaction  fall  into  two  sets,  which 
are  in  substantial  disagreement.  Several  independent  low  pressure  d^erminations  (Zahniser  et 
al.,  1977;  Birks  et  al.,  1977;  Leu  et  ai.,  1977;  Molina  et  ai.,  1960;  Cox  and  Lewis,  1979)  of  the  rate 
of  CIO  disappearance  via  the  CIO  > NO2  * M reaction  are  in  excellent  agreemenr  and  give  a k^, 
(300)  near  1.65x10"^‘5  cn^  s*"*.  No  product  identification  was  carried  out,  ar^d  it  was  assumed 
that  the  reaction  gave  chlorine  nitrate,  CIONO2.  In  contrast,  direct  measurements  of  the  rate  of 
thermal  decomposition  of  CIONO2  (Knauth,  1978;  Schonie  ^ al.,  1979),  combined  with  the 
equilibrium  constant,  give  ko(300)  « 4.5x10"^^  crr^  s"^  for  the  three-body  reaction  forming 
CIONO^.  Since  the  measured  rate  of  CIO  disappearance  seems  well  established,  the  Knauth 
results  can  only  be  reconciled  with  the  higher  number  by  three  possible  explanations:  (1)  the 
measured  thermal  decomposition  rate  is  incorrect;  (2)  the  equilibrium  constant  is  in  error  by  a 
factor  of  three  (requiring  that  the  AHf's  off  by  »1  kcal/mole,  which  is  outside  the  stated  error 
limits);  (3)  all  the  data  are  correct,  and  the  low  pressure  CIO  disappearance  studies  measured 
not  only  a reaction  forming  CIONO2,  but  another  channel  forming  an  isomer  such  as  OCINO2, 
CIOONO  or  OCIONO  (Chang  et  al.,  1979a;  Molina  et  al.,  1900).  Although  the  CIONO2  form  has  a 
relatively  low  photolysis  rate,  it  is  often  assumed  that  the  other  hypothetical  isomers  would  have 
higher  absorption  cross  sections  and  therefore  be  rapidly  photoiyzed.  In  past  evaluations,  the 
CODATA  group  recommended  the  higher  rate  constant,  i.e.,  that  corresponding  to  the  measured 
rate  of  CIO  disappearance  via  reaction  with  NO2.  The  NASA  Panel  previously  made  two  recom- 
mendations; one,  the  higher  rate  constant,  assuming  all  CIO  NO2  goes  to  CIONO2,  and  the 
other,  the  lower  rate  constant  assuming  ~ 2/3  of  the  overall  reaction  forms  an  unknown,  rapidly 
photoiyzed  isomer.  For  the  present  evaluation,  the  majority  of  the  joint  panel  felt  that  a single 
recommendation  should  be  made,  in  keeping  with  our  practice  on  all  other  reactions.  The 
majority  opinion  was  that  the  isomer  explanation  best  encompassed  all  experimental  and  theo- 
retical information,  and  therefore  the  lower  (Knauth)  rate  constant  was  adopted.  Recognizing, 
however,  that  there  is  a significant  possibility  of  error  in  the  value  derived  from  the  thermal 
decomposition  :tudy,  the  error  limit  was  made  sufficiently  large  to  encompass  the  higher  value. 

When  the  isomer-forming  reaction  is  included  in  models,  the  fate  of  the  isomer  must  also  be 
stated  - a difficult  assignment  for  an  unidentified,  hypothetical  species.  Whiie  photolysis  back  to 
CIO  + NO2  seems  most  reasonable,  an  isomer  of  the  form  CIOONO  could,  in  fact,  dissociate  to 
ClOO  *■  NO  and  thus  enhance  catalytic  destruction  of  ozone.  In  the  absence  of  definitive 
information,  the  recommended  approach  is  to  consider  that  isomeric  CIONO2  rapidly  photolyzes 
to  CIO  ♦ NC>2,  at  a rate  which  dominates  other  possible  paths  such  as  isomerization  to  normal 
CIONO^.  This  is  equivaler^t  to  omitting  the  isomer-forming  reaction  altogether  for  sunlight 
conditions,  because  the  assuned  rapid  photolysis  to  reform  the  original  reactants  has  the  effect 
of  negating  the  isomer-forming  portion  of  the  reaction.  It  must  be  borne  in  mind,  however,  that 
at  sunset  the  CIO  will  cKsappear  at  a rate  corresponding  to  the  total  rate  of  the  CIO  * NO2 
reaction.  Furthermore,  the  rate  of  appearance  of  CIO  at  sunrise  will  depend  on  two  factors 
(presently  unknown):  (1)  the  residual  distribution  between  isomeric  and  normal  CIONO2  at 

dawn,  and  (2)  the  relative  cross  sections  of  the  two  forms.  The  entire  matter  will  remain 
speculative  and  unsettled  until  there  is  conclusive  evidence  for  or  against  isomer  formation,  or 
until  a substantial  change  in  rate  data  occurs.  The  photolysis  products  of  CIOMO2  Itself  are 
uncertain  (Smith  et  al.,  1977;  Chang  et  al.,  1979b)  and  additional  studies  are  need^  there  as 
well. 

A substantial  change  has  been  rruide  in  the  reconrtmendation  for  the  HO  HNO3  reaction  since 
NASA  RP  1049.  The  previous  evaluations  were  based  on  two  independent  experimental  studies  by 
different  techniques  (Margitan  et  al.,  1975;  Smith  and  Zdlner,  1975)  giving  a temperature  invariant 
rate  constant  of  9x10"^^  crr»^  s"^.  Recently,  Wine  et  al.  (1900)  have  remeasured  k and  found 
k(298)  *•  1.3x10”"*^  cm^  s""*,  with  a strong  negative  temperature  dependerue  of  E/R  = -<>40K. 
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These  results  are  being  confirmed  in  two  other  studies  by  essentially  the  same  technique 
(Kurylo,  1961;  Margitan  and  Watscm,  1961).  Another  investigation  using  severai  techniques  includ- 
ing the  same  laser  photolysis-resonance  fluorescence  technique  (Nelson  et  al.,  1961)  resulted  in 
k(296)  ■ 8x10~'l^  cm^  s~^,  but  as  yet  does  not  include  temperature  dependence.  The  Wine  et  ai. 
study,  as  confirmed  by  the  other  two,  is  recommended  at  the  present  time,  although  the  source 
of  error  in  the  earlier  studies  is  baffling;  thus,  the  uncertainty  limits  are  large  enough  to 
encompass  the  old  value.  With  thi*  new  rate  constant,  the  HO  HNO?  reaction,  presumably 
giving  H2O  ♦ NOj  as  products,  (Nelson  et  al.,  1961),  is  now  the  major  sink  for  HO^  in  the  lower 
stratosphere.  A verification  of  the  new  rate  constant  by  a direct  technique  other  than  laser 
photolysis  - resonance  fluorescence  is  clearly  needed,  as  is  another  determination  of  reaction 
prodiKts.  The  role  of  the  reaction  depends  on  the  product  distribution. 

Another  reaction  whose  rate  constant  has  been  recently  revised  and  wNch  further  reduces  HO^ 
in  the  lower  stratosphere  is  the  HO  H0^NO2  reaction.  Two  measurements  of  the  rate  constant 
are  in  good  agreement  (Littlejohn  and  johnston,  I960;  Trevor  et  al.,  1961),  considering  the 
difficulties  involved  in  measuring  and  handling  HO2NO2  and  yield  rate  constants  significantly 
higher  than  previous  estimates.  Due  to  the  enhanced  importance  of  this  reaction,  additional 
studies  are  needed  of  k and  its  T dependence,  as  well  as  reaction  products  (three  exothermic 
channels  exist).  Quantum  yields  and  products  for  HO2NO2  photolysis  are  also  needed, 
particularly  in  the  290  to  300  nm  range. 

The  HO  HO2  reaction  has  long  been  regarded  as  one  of  the  rrtajor  uncertainties  in  atmospheric 
chemistry.  Although  the  recent  revisions  in  rate  data  for  HO  ♦ HMO3  and  HO  ♦ HNO4  have 
diminished  the  rote  played  by  HO  hK)2  in  controlling  lower  stratospheric  HOx  densities,  this 
reaction  still  remains  the  dominant  sink  for  HO^  in  the  upper  stratosphere,  the  region  where 
projected  O3  depletion  should  first  appear  and,  teing  the  region  where  photochemistry  controls 
species  concentrations  in  a reasonably  well  understood  manner,  it  offers  the  best  possibility  of 
partial  model  verification  through  measurements.  Recent  kinetic  studies  of  the  HO  * HO2  reaction 
have  significantly  reduced  the  discrepancies,  and  although  the  detailed  reaction  mechanism  is  far 
from  being  understood,  the  magnitude  of  the  rate  constant  is  coming  into  sharper  focus.  Studies 
of  HO  ♦ HO2  in  systems  near  atnr>ospheric  pressure  have  consistently  yielded  rate  constants  near 
1x10"^®  cm3  s"^  (Hochanadel  et  al.,  1972,  1980;  DeMore  and  Tschuikow-Roux,  1974;  IDeMore,  1979; 
Lli  et  al.,  1900),  in  serious  disagreement  with  a low  pressure  upper  limit  of  4x10"^'*  cm^ 
(Chang  and  Kaufman,  1978).  Since  a pressure  dependent  rate  constant  seemed  unlikely,  the  upper 
limit  of  the  Chang  and  Kaufman  study  was  reconnmended  in  previous  evaluations.  This  was 
consistent  with  the  value  k = 5x10“^^  cm3  s’^  reported  by  Burrows  et  al.  (1977),  and  3x10“"*^ 
enP  s"”*,  (Hack  et  al.,  1978).  However,  these  latter  values  are  no  longer  under  consideration  di« 
to  changes  in  the  reference  reaction  used  in  those  studies,  and  inconsistencies  subsequentiv 
induced  in  their  other  rate  constants  (see  Sridharan  et  al.,  1980).  Recent  direct  low  pressure 
results  of  Keyset  (1981)  now  give  k =>  6.5x10"^^  cm3  s’^,  making  it  appear  likely  that  the  Chang 
and  Kaufman  work  is  in  error.  The  panel  is  now  recommending  k = 8x10"^^  cm3  s’’^,  with  a 
factor  of  two  uncertainty,  which  easily  encompasses  both  bw  and  high  pressure  values.  The 
possibility  of  a pressure  dependence  still  remains,  but  requires  precise  studies  to  be  fully 
ascertained. 

The  rate  constant  now  recommended  for  the  HO2  * HO2  reaction  is  the  same  as  in  most  earlier 
evaluations,  but  differs  substantially  from  the  jPL  81-3  value.  Most  experimental  studies  have 
been  carried  out  near  atmospheric  pressure,  and  yield  a room  temperature  value  of  2.5x10"^^  cm^ 
s"^  (Hamilton  and  Lii,  1977;  Cox  and  Burrows,  1979;  Lii  et  al.,  1979).  This  rate  is  known  to  be 
enhanced  by  the  presence  of  water  vapor  (measured  up  to->26  mbar).  Additionally,  the 
temperature  dependence,  measured  over  a limited  T range  in  direct  studies,  yielded  L/R  » -1245K. 
The  Cox  and  Burrows  study  also  indicated  that  the  reaction  was  pressure  dependent  below  32 
mbar  at  room  temperature,  with  the  P dependence  extending  to  higher  pressures  at  lower 
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temperatures.  Limited  data  also  indicated  E/R«-680  K at  13  mbar.  These  combined  P and  T 
dependences  were  used  in  jPL  81*3  to  calculate  altitude  dependent  rate  constants  for 
stratospheric  modeling.  Since  the  origin  and  mechanism  of  these  P and  T dependences  are  not 
known  with  certainty,  and  since  they  are  based  on  somewhat  limited  data,  the  panel  chose  to 
recommend  a fixed  value  of  k ■ 3x10“^^  cm^  s“^,  with  a factor  of  three  uncertainty  to  encompass 
the  range  of  values  one  would  obtain  with  the  P,  T dependent  expressions.  Further  studies  are 
clearly  required,  including  product  determinations,  since  the  P dependence  may  indicate  the 
possible  formation  of  stabilized  H2O4.  Similar  reasoning  was  used  in  formulating  the  P,  T 
independent  recommendation  for  the  analogous  CH3O2  * HO2  reaction. 

The  recomntended  value  for  the  HO2  * O3  reaction  is  based  on  the  direct  study  of  Zahniser  and 
Howard  (1980),  which  yields  an  unexpectedly  low  A factor.  Three  determinations  of  k(H02  * O3) 
relative  to  k(H02  ♦ HO2)  (Dekiore  and  Tschulkow-Roux,  1974;  Simonaitis  and  Heicklen,  1973; 
DeMore,  1979)  are  consistent  with  that  recommendation  if  the  high  pressure  T dependence  (E/R  « 
“1245  K)  is  used  for  the  HO2  ♦ HO2  reaction.  Conversely,  the  directly  measured  HO2  ♦ O3  rate 
constant  can  be  coupled  with  the  ratios  to  derive  the  strong  negative  T dependence  of  HO2 
HC>2,  over  a wider  T range  than  the  direct  studies.  Because  of  the  importance  of  the  HO2  * O3 
reaction,  its  inexplicable  A-factor,  and  its  potential  bearing  on  the  HO2  * HO2  rate  constant,  a 
remeasurement  of  k(H02  * O3)  is  needed.  Our  present  recommendations  for  k(H02  O3)  and 

k(HC>2  HO2)  as  a function  of  temperature  are  inconsistent  with  the  experimentai  ratio 
measurements. 

The  present  recommendation  for  the  HO  ♦ H2O2  reaction  rate  constant  is  based  on  a least 
squares  fit  of  the  combined  data  of  two  recent,  extensive  studies  (Keyser,  1980;  Sridharan  et  al., 
1960)  which  clearly  show  the  earlier  investigations  to  be  in  error.  Although  this  maction  is  of 
little  importance  in  the  stratosphere,  it  quite  often  plays  a role  in  laboratory  kinetic  studies  as  a 
reference  reaction,  and  the  recent  change  has  negated  a lar^  body  of  HO2  rate  constants 
obtained  in  certain  relative  studies  (see  Sridharan  et  ai.,  for  a more  detailed  discussion).  The 
new  Arrhenius  parameters  are  in  much  better  agreement  with  theoretical  expectations  than  the 
earlier  ones  were.  Based  on  this  and  the  limited  nature  of  data  for  the  0 * H2O2  reaction,  we 
have  chosen  an  A factor  for  that  reaction  slightly  different  from  the  reported  value,  and  more 
consistent  with  other  atom-molecule  reaction  A factors.  The  resultant  change  in  recommended 
value  of  k is  minor. 

Recent  kinetic  studies  of  the  HO  * CIO  and  HO2  CIO  reactions  suggest  that  formation  of  HCI  is 
minimal,  thus  diminishing  their  potential  importance  in  the  stratosphere  as  chain  terminators. 
The  strong  negative  T-dependence  of  the  HO2  + CIO  reaction  does,  however,  indicate  a potential 
role  for  HOCI  in  stratospheric  chemistry.  Its  ultimate  role,  however,  is  probably  minor  since  its 
effect  as  a sink  (or  reservoir)  is  counter-balanced  by  its  possible  action  in  a catalytic  O3 
destruction  cycle  arising  through  its  photolysis. 

ATMOSPHERIC  PHOTOCHEMISTRY  - SOME  CONCLUDING  REMARKS 


The  ozone?  content  of  Earth's  atmosphere  can  be  considered  to  exist  in  three  distinct  regions: 
the  troposphere,  stratosphere,  and  mesosphere.  The  latter  region  is  not  discussed  here.  The 
unpolluted  troposphere  contains  small  amounts  of  ozone,  which  comes  from  both  downward 
transport  from  the  stratosphere  and  from  in  situ  photochemical  production.  The  chemistry  of 
the  global  troposphere  is  complex,  with  both  homogeneous  and  heterogeneous  (e.g.,  rain-out) 
processes  playing  important  roles.  The  honxtgeneous  chemistry  is  governed  by  coupling  between 
the  carbon/nitrogen/hydrogen  and  oxygen  systems  and  can  be  considered  to  be  more  complex 
than  the  chemistry  of  the  stratosphere,  due  to  the  preseiKe  of  higher  hydrocarbons,  long 
photochemical  relaxation  times,  higher  total  pressures,  and  the  high  relative  humidity  which 
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may  affect  the  reactivity  of  certain  key  species  such  as  HO2.  Significant  progress  is  being  made  in 
understanding  the  coupling  between  the  different  chemical  systems,  especially  the  ntechanism  of 
methane  oxidation  which  partially  controls  the  odd  hydrogen  budget.  This  is  an  important  devel- 
opment, as  reactions  of  the  hydroxyl  radical  are  the  primary  loss  mechanism  for  compounds 
containing  C-H  (CH4,  CH3CI,  CHF^Cf,  etc.)  or  C-C  (C2CI4,  C2HCI3,  C2H4,  etc.),  thus  limiting  tlw 
fraction  transported  into  the  stratosohere. 

The  stratosphere  is  the  region  of  the  atmosphere  where  the  bulk  of  the  ozone  resides,  with  the 
concentration  reaching  a maximum  value  of  about  5x10^2  iTK>lecu)e  cm"^  at  an  altitude  of  —25 
km.  Ozone  in  the  strttosphere  is  removed  predominantly  by  catalytic  (i.e.,  non-Chapman) 
processes,  but  the  assignment  of  their  relative  importance  and  the  prediction  of  their  future 
impact  is  dependent  on  a detailed  understanding  of  chemical  reactions  which  form,  remove  and 
inter-convert  the  catalytic  species.  A model  calculation  of  stratospheric  composition  may  include 
some  150  chemical  reactions  and  photochemical  processes,  which  vary  greatly  in  their  importance 
in  controlling  the  density  of  ozone.  Laboratory  measurements  of  the  rates  of  these  reactions 
have  progressed  rapidly  in  recent  years,  and  have  given  us  a basic  understanding  of  the  proces- 
ses involved,  particularly  in  the  upper  stratosphere.  Despite  the  basically  sound  understanding 
of  overall  stratospheric  chemistry  which  presently  exists,  much  remains  to  be  done  to  quantify 
errors,  to  identify  reaction  channels  positively,  and  to  measure  reaction  rates  both  under 
conditions  corresponding  to  the  lower  stratosphere  (— 2‘K)  K,  — 100  mbar)  as  well  as  the  top  of 
the  stratosphere  (-27JK, -1  mbar). 

The  chemistry  of  the  upper  stratosphere,  i.e.,  30  to  50  km,  is  reasonably  well  defined.  In  th.s 
region  the  chemical  composition  of  the  atmosphere  is  predominantly  photochemicaiiy  controlled 
and  the  photolytic  lifetimes  of  temporary  reservoir  spiecies  such  as  HCKII,  HO2,  NO2,  CIONO2, 
N2O2  and  H2O2  are  short  and  hence  they  play  a minor  role.  Thus  the  irnportant  processes  above 
30  km  all  involve  atoms  and  small  molecules.  The  majority  of  laboratory  studies  on  these 
reactions  have  been  carried  out  under  the  conditions  of  pressure  and  temperature  which  are 
encountered  in  the  upper  stratosphere,  and  their  overall  status  appears  to  be  ^jod.  No 

significant  changes  in  rate  coefficients  for  the  key  reactions  such  as  CIO3,  O+CIO,  NO*CIO, 

0*N02,  N0'K)3,  etc.,  have  occured  in  the  last  few  years.  On  the  other  hand,  there  have  recently 
been  rate  and  mechanistic  studies  on  reactions  such  as  HO'*CIO  and  HO2+CIO.  which  could  play 
im|K>rtant  roles  throughout  the  stratosphere  if  they  were  to  have  product  channels  which 
generate  significant  amounts  of  HCI.  Although  the  results  to  date  suggest  minor  MCI  pathways, 
their  product  distributions  are  at  present  inadequately  estabalished  for  atmospheric  rnodeling 
purposes. 

A major  area  of  concern  in  the  chemistry  of  the  upp<^r  stratosphere  involves  the  reaction  between 
HO  and  HO2  radicals  which,  as  previously  discussed  in  this  chapter,  has  had  considerable  uncer- 
tainty in  the  rate  constant.  This  termination  reaction  plays  an  important  role  in  determining  the 

absolute  concentrations  of  HO  and  HO2,  and  since  HO  plays  a central  role  in  controlling  the 

catalytic  efficiencies  of  both  NO^  and  CIO^  it  is  a reaction  of  considerable  imrrortance.  It  should 
be  noted  that  the  new  rate  coefficients  for  the  HO  H2O2,  HO  HNO3  and  HO  ♦ HO2NO2  re- 
actions have  had  little  effect  on  the  model  predictions  of  odd  riO^  concentrations  above  30  km. 

One  aiea  in  which  additional  studies  may  be  needed  is  that  of  excited  state  chemistry,  i.e.,  to 
determine  whether  electronic  or  vibrational  states  of  certain  atmospheric  constituents  may  be 
more  important  than  hitherto  recognized.  Possible  examples  are  O2*,  03*,  or  N2*.  It  has  recent- 
ly been  s(«ge$ted  that  the  excited  N2  (A^  r * ) molecule  may  react  with  O2  to  form  N2O  * O. 
This  could  possibly  modify  our  understanding  of  the  source  of  N2O  in  the  upper  stratosphere. 
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There  are  numerous  processes  in  the  upper  stratosphere  which  do  not  significantly  affect  the 
model  predictions  of  ozone  perturbations  by  fluorocarbons  but  for  which  accurate  rate 
coefficients  are  required  in  order  to  interpret  field  measurement  data.  Kor  example,  reactions 
such  as  O ♦ HO  and  0 ♦ HO2  control  the  HO^  radical  partitioning  above  40  km.  For  reactions  of 
this  type  the  data  base  can  only  be  consider^  to  be  fair,  and  some  improvements  need  to  be 
made  before  comparing  theoretical  predictions  with  certain  field  measurement  data. 

The  chemistry  of  the  lower  stratosphere  is  quite  complex,  v/ith  significant  coupling  between  the 
HOx,  NO^  and  CIO^  families.  It  is  within  this  region  of  the  atmosphere  (15  to  30  km)  where  both 
dynarrMCs  and  photochemistry  piay  key  roles  in  controlling  the  trace  gas  distributions.  Here  the 
model  calculations  predict  large  changes  in  ozone  concentration  (absolute  number  density,  not 
percentage)  from  chlorofluoromethanes.  It  is  also  within  this  region  of  the  stratosphere  that  the 
question  of  the  pressure  and  temperature  dependences  of  the  rate  coefficients  is  most  critical, 
due  to  the  low  temperatures  (210-225  K)  and  the  high  total  pressures  (40  to  270  mbar).  The 
previously  cfiscussed  question  of  possible  pressure  and  temperature  deprendences  of  HO  and  HO2 
reactions  is  highly  pertinent  here. 

Our  view  of  the  chemistry  of  the  lower  stratosphere  has  changed  radically  in  recent  times,  due  to 
changes  in  rats  coiistants  which  have  in  turn  led  to  changes  in  the  relative  importance  of 
reactions  which  control  the  HO^  budget  in  this  region  of  the  atmosphere.  Prior  to  the 
appearance  of  new  or  revised  kinetics  data  for  the  HO  ♦ H2O2,  HO+HNC^,  and  HO^HO2N02 
reactions,  the  major  termination  reaction  for  odd  hydrogen  species  in  models  of  the  lower 
stratosphere-  wa^  the  HO+HO2  ->^  H2O+O2  reaction.  Recent  work  on  the  HO^H202  and  HO^-HNO^ 
rate  corstants  has  suggested  that  the  previously  accepted  values  were  in  error,  especially  at 
stratosp'.ieric  temperatures,  and  that  the  previously  undetermined  rate  coefficient  for  the 
HO+HO2NO2  reaction  was  significantly  faster  than  has  been  estimated.  The  major  effect  occurred 
due  to  the  change  in  rate  constant  for  the  OH+HN03  reaction  (a  factor  of  three  faster  at  220  K). 
The  change  in  the  rate  constant  for  HO+H2O2  (a  factor  of  five  at  220  K)  had  relatively  less  effect. 

There  are  several  othei  processes  which  need  to  be  re-studied  ir  order  *^o  understand  HO^ 
radical  budgets  in  the  lower  stratosphere,  especially  H02*H02.  The  ‘‘necies  HNO3,  HO2NO2, 
CNO3  and  HOCI  illustrate  the  strong  coupling  that  exists  between  the  HO^,  MO^  and  CIO^ 
families.  One  disturbing  problem  is  that  while  these  species  are  currently  thought  to  play  an 
important  role  in  stratospheric  photochemistry,  only  HNO3  has  yet  been  ptositively  observed  by 
any  field  measurement  study. 


Specks 


Uncert»inly 

Factor 


O2  (Schumann-Runge  bands) 

1.4 

O2  (Continua) 

1.15 

O3 

1.1: 

O3  * 0(*D) 

1.4 

NO2 

1.25 

NO3  -JNO  + 0^ 

t NOt  + (5 

2,0 

N2O 

1.2 

N2O5 

2.0 

H2O2 

1.4 

HNO3 

1,15 

NO2NO2 

2.0 

CH^O  ^ 1 

t Ht  + CO 

1.4 

HCl 

1.12 

HCX'l 

1.4 

C1ONO2 

1.25 

CCI4 

1.1 

CCI3F 

1.05 

CCI2F: 

1.15 

CH3CI 

1.1 

CF2O 

2.0 

CH3OOH 

1.4 

BfONO> 

1.4 
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Table  A4 

Mathematical  Expressicm  for  0(^D)  Quaittum  Yields,  cp  , in  the  Photidysis  of  0^ 


<P  (x.T)  = A(T)arctan(B(T)(x-Xo(T))l+  C(t) 

Where:  t=  T - 230  is  a temperature  function  with  T given  in  Kelvin,  X is  expressed  in  nm,  and  arctan  in  radians. 

The  coefikiems  A(t  ),  B(  t),  Xq  (t)  and  C(t)  are  expressed  as  interpolation  polynomials  of  the  third  order: 

A(t)  = 0.332  + 2.565  X lO^t  +1.152x10-5  t2  + 2313  x 10-8 
B(t)  = -0.575  + 5.59  x 10-3  x - 1.439  x lC-5  x2  _ 3,27  x 10-8  x3 
Xo(  t)=  308.20  + 4.4871  x 10-2x  + 6.9380  x 10-5  x 2 - 2.5452  x 104^3 
C(T)  = 0.466  + 8.883  x lO^T  -3.546x  10-5x2  + 3.519x  10-7x3. 

In  the  limits  wherccp  (X,T)>  0.9,  the  quantum  yield  is  set  cp  = 0.9,  and  similarily  forcp(x,T)  < 0,  the 
quantum  yield  is  set  9 = 0. 
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Table  A S 

NO2  Absorption  Cross  Sections  at  23S  and  298  K 
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Table  A-6 

Quanta  n Yields  for  NO>«  Photolytis 


X,nin 

« 

. " 1 

k ,mn 

* 

X.  nm 

« 

375 

0.73 

389 

0.74 

400 

0.65 

376 

0.75 

390 

0.74 

401 

0.62 

377 

C.86 

391 

0.81 

402 

0.57 

378 

0.74 

392 

0.73 

403 

0.50 

379 

0.83 

393 

0.78 

404 

0.40 

380 

0.81 

394 

0.83 

405 

0.32 

381 

0.73 

394.5 

0.78 

406 

0.30 

382 

0.65 

395 

0.81 

407 

0.23 

383 

0.62 

395.5 

0.75 

408 

0.18 

384 

0.66 

3% 

0.78 

409 

0.17 

385 

0.70 

396.5 

0.81 

410 

0.14 

386 

0.74 

397 

0.77 

411 

0.10 

387 

0.69 

398 

0.72 

415 

0.067 

388 

0.76 

399 

OJO 

420 

0.023 

Table  A-7 

Mathematical  Expression  for  Absorption  Cross  Sections  of  N2O  as  a Function  of  Temperature 


f.no(X,T)  = Ai  + A2X  + A3x2  + A4X3  + A5X4  + (T-300)cxp(Bi  B2X  + B3X2  + B4X3) 


Where : T ; temperature,  Kelvin 

Ai  = 68.21023 
A2  = -4.071805 
A3  = 4.301 146  X 10-2 
A4  = ^-1.777846  X 10^ 
A5  = 2.520672  X 10-7 


X:  nm 

Bi  = 123.4014 
B2  = -2.116255 
B3  = 1.111572  X 10-2 
B4  = 1.881058  X 10-5 


Range;  1 73  to  240  nm;  194  to  320  K 


-22 


THE  STRATOSPHERE  1981 : THEORY  AND  MEASUREMENTS 


Table  A-8 

Absorption  Cross  Sections  of  N2O5 


Note;  Numbers  in  parentheses  signify  powers  of  10(e.g..  6.6(-18)  = 6.6  x 
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Table  A-K 

Absorption  Cross  Sections  of  HO2NO2  Vapor 
Molina  and  Mdina  (1980) 


(nm) 

lO^^oCcm^) 

(nm) 

190 

1010 

265 

195 

816 

270 

200 

563 

275 

205 

367 

280 

210 

241 

285 

215 

164 

290 

220 

120 

295 

225 

95.2 

300 

230 

80.8 

305 

235 

69.8 

310 

240 

59.1 

315 

245 

49.7 

320 

250 

41.8 

325 

255 

35.1 

330 

260 

27.8 

10^®a(cm‘) 


22.4 
17.8 

13.4 
9.3 
6J 

4.0 
2.6 
1.6 

1.1 
0.7 
0.4 
0.3 
0.2 
0.1 


Table  A- 12 


Absorption  Cross  Sections  and  Quantum  Yields  for  the  Photolysis  of  CH2O 


— 

(nm) 

1020(x 

(cm2) 

' 

(H  + HCO) 

*2 

(H2  + CO) 

280 

2.4 

0.63 

031 

290 

3.2 

0.73 

0.27 

300 

33 

0.77 

0.23 

310 

3.1 

0.76 

0.24 

320 

2.4 

0.63 

0J7 

330 

2.4 

OJl 

OM 

340 

2.0 

0 

0.67 

350 

0.8 

0 

0.40 

360 

0.2 

0 

0.14 
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Table  A-IS 

Absorption  Crou  Sections  of  QONO2 


\ 

1020cr(cm2) 

(imi) 

1020(r(cni2) 

(nm) 

227K 

243K 

296K 

227K 

243K 

296K 

190 

555 

589 

325 

0.463 

WSM 

0.655 

195 

358 

381 

330 

0353 

■19 

0.514 

200 

293 

— 

307 

335 

0.283 

0397 

205 

293 

... 

299 

340 

0.246 

0,255 

0323 

210 

330 

— 

329 

345 

0.214 

0.223 

0.285 

215 

362 

360 

350 

0.198 

0.205 

0.246 

220 

348 

344 

355 

0.182 

0.183 

0.218 

225 

282 

286 

360 

0.170 

0.173 

0.208 

230 

206 

— 

210 

365 

0.155 

0.159 

0.178 

235 

141 

149 

370 

0.142 

0.140 

0.162 

240 

98.5 

... 

106 

375 

0.128 

0.130 

0.139 

245 

70.6 

— 

77.0 

380 

0.113 

0.114 

0.122 

250 

52.6 

50.9 

57.7 

385 

0.098 

0.100 

0.108 

255 

39.8 

39.1 

44.7 

390 

0.090 

0.083 

0.090 

260 

30.7 

30.1 

34.6 

395 

0.069 

0.070 

0.077 

265 

233 

23.1 

26.9 

400 

0.056 

0.058 

0.064 

270 

183 

18.0 

21.5 

405 

— 

0.055 

275 

13.9 

13.5 

16.1 

410 

... 

— 

0.044 

280 

10.4 

9.98 

11.9 

415 

— 

0.035 

285 

7.50 

733 

8.80 

420 

— 

0.027 

290 

5.45 

536 

636 

425 

... 

— 

0.020 

295 

3.74 

3.83 

4.56 

430 

... 

— 

0.016 

300 

2.51 

2.61 

330 

435 

— 

0.013 

305 

1.80 

1.89 

238 

440 

— 

0.009 

310 

1.28 

135 

1.69 

445 

... 

0.007 

315 

0.892 

0.954 

1.23 

450 

— 

0.005 

320 

0.630 

0.681 

0.895 
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Table  A-16 

Absorption  Cross  Sections  of  CQ4 


(nm) 

102O(j(cm2) 

(run) 

1020cr(cni2) 

174 

995 

206 

56.5 

176 

1007 

208 

52,8 

178 

976 

210 

473 

180 

772 

212 

39.6 

182 

589 

214 

33.4 

184 

450 

216 

27.6 

186 

318 

218 

22.1 

188 

218 

220 

17.0 

190 

142 

222 

12.8 

192 

98.9 

224 

9.5 

194 

73  J 

226 

7.1 

196 

67.6 

228 

5.6 

198 

65.1 

2.30 

4.11 

200 

64.i 

232 

3.05 

202 

61.4 

234 

2.24 

204 

60.1 

236 

1.52 

1 , 1 ii»  . . ■ 1 

00 

1.25 

Table  A- 17 

Absorption  Cross  Sections  of  CGjF 


(nm) 

1020(j(cm2) 

186.0 

243.0 

187.8 

217.0 

189.6 

186.0 

191.4 

159.0 

193.2 

133.0 

195.1 

111.0 

197.0 

903 

199.0 

73.0 

201.0 

573 

203.0 

45.2 

205.1 

333 

207.3 

23.9 

209.4 

16.8 

211.6 

11.5 

213.9 

7.6 

216.2 

5.0 

218.6 

3.1 

221.0 

2.0 

223.5 

1.2 

226.0 

0.8 
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Table  A-20 

Absorption  Cross  Sections  of  CH^G 


(lih) 

1020o(cm2) 

(run) 

1020(r(cin2) 

■H 

no 

198 

2^0 

93J 

200 

1.69 

113 

202 

1.09 

180 

63.5 

204 

0.718 

182 

46.5 

206 

0476 

184 

34.7 

208 

0J02 

186 

25J 

210 

0.191 

188 

18.0 

212 

0.116 

190 

12.5 

214 

0.089 

192 

8.76 

216 

0.047 

194 

5.61 

218 

0.036 

1% 

3.80 

220 

0.023 

Table  A-2I 

Absorption  Cross  Sections  of  CH3CQ3 
Vanlaethem-Meuree  et  al.  (1979) 


X 

(nm) 

lO^^o  (cm2) 

295K 

2S0K 

210K 

185 

265 

265 

265 

190 

192 

192 

192 

195 

129 

129 

129 

200 

81.0 

81.0 

81.0 

205 

46.0 

44.0 

42.3 

210 

24.0 

21.6 

19.8 

215 

10.3 

8.67 

7.47 

220 

4.15 

3.42 

2.90 

225 

1.76 

1.28 

0.97 

230 

0.700 

0.470 

0330 

235 

0.282 

0.152 

0.088 

240 

0.102 

0.048 

0.024 
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Table  A-24 

Absoiptkm  Ooss  Sectkxis  of  BKMO2 


(rm) 

(ot2) 

(tro) 

(c^2) 

!87 

280 

■BH 

190 

285 

195 

290 

2.4(49) 

200 

72(18) 

295 

22(49) 

205 

43(-18) 

300 

15(49) 

210 

32(18) 

305 

1.8(49) 

215 

2.7(48) 

310 

1-5(49) 

220 

2.4(48) 

315 

1.4(-19) 

225 

2.1(48) 

320 

12(491 

230 

15(48) 

325 

1.1(49) 

235 

1.7(48) 

330 

1.0(-19) 

240 

12(48) 

335 

92(-20) 

245 

1.0(18) 

340 

8.7(-20) 

250 

7.8(49) 

345 

82(-20) 

255 

6.1(49) 

350 

7.7(-20) 

260 

4.8(49) 

360 

62(-20) 

265 

35(49) 

370 

45(-20) 

270 

3.4(49) 

380 

4.0(-20) 

275 

3.1(49) 

390 

2.8(-20) 

Note;  Numbers  in  parentheses  signify  powers  of 
10  (e^.,1.5(-}7)  = 1.5x10-17) 
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APPENDIX  B 

A REFERENCE  SOLAR  SPECTRAL  IRRAOIANCE 
FOR  USE  IN  ATMOSPHERIC  MODELING 

INTRODUCTION 

This  appendix  outlines  the  present  state  of  knowledge  concerning  the  absolute  m^nitude  and  } 

temporal  variability  of  the  solar  spectral  irradiance  with  emphasis  on  wavelengths  relevant  to  the 
mesosphere  and  stratosphere.  Reference  spectra  for  the  wavelength  region  175  to  850  nm  appear 
in  the  tables  including  estinnates  for  solar  minimum  and  solar  maximum  conditions  where 
appropriate.  Values  for  the  Lyman  alpha  emission  arc  given  separately. 

The  principal  absorbing  gases  in  the  atmosphere  are  O2  and  which  attenuate  the  incident 
irradiance  via: 

O2  + hv  (x<175  nm)  0(3p)  + Of^D) 

02  ♦ hv  (175  nm  < x < 242.4  nm)  0(3p)  ♦ O(^) 

03  ♦ hv  ( X < 310  nm)  O2  ♦ 0(^D) 

O3  ♦ hv  ( X > 310  nm)  ->•  O2  ♦ 0{^P) 

An  accurate  calculation  of  the  solar  irradiance  which  penetrates  to  a given  level  depends  on  the 
vertical  distribution  of  absorbing  gases  and  their  cross  sections  as  well  as  on  the  incident  solar 
energy.  In  addition  to  the  above  processes,  numerous  trace  gases  dissociate  in  the  spectral 
region  175  to  400  nm  and  play  significant  roles  in  the  atmospheric  photochemical  system. 
Wavelengths  less  than  175  nm  are  absorbed  principally  in  the  Schi»nann-Runge  continuum  of  O2 
at  altitudes  above  the  rnesopause.  Oxygen  molecules  absorb  photons  between  175  and  200  nm  in 
the  Schunrann-Runge  band  system  and  thereby  provide  the  largest  source  of  odd  oxygen  in  the 
mesosphere.  Dissociation  of  O2  in  the  stratosphere  occurs  In  the  Herzberg  continuum  at 
wavelengths  between  200.0  and  242.4  nm.  Ozone  dissociates  in  the  Hartley  bands  between  200 
and  310  nm,  in  the  Huggins  bands  between  310  and  340  nm,  and  in  the  Chappuis  bands  in  the 
visible  region  of  the  spectrum. 

MEASUREMENT  TECHNIQUES 

The  accuracy  of  solar  irradiance  measurements  is  limited  by  the  accuracy  of  the  primary 
standards  and  their  long  term  precision.  Additional  errors  are  accumulated  in  the  transfer 
process  from  the  primary  to  secondary  standard  and  to  the  flight  instrument.  The  variability  of 
the  flight  instrument  adds  further  uncertainties.  Furthermore,  all  of  these  errors  are  wavelength 
dependent . 

Ground-based  measurements  cover  only  the  visible  spectrum.  The  advantage  is  that  the 
instruments  can  be  kept  in  a benign  environment  and  there  is  no  degradation  by  solar  ultraviolet 
or  X-ray  radiation.  The  primary  standards  can  be  compared  directly  with  the  Sun.  The 
disadvantage  of  ground-based  measurements  is  the  required  correction  to  zero  air  mass  which 
can  lead  to  rather  large  errors  in  the  ultraviolet  and  the  infrared. 

Aircraft  rneasurements  are  less  influenced  by  the  zero  air  mass  correction.  Aerosols  are  minimal, 
no  interference  from  clouds  is  encountered  and  the  corrections  due  to  water  vapor  are  reduced. 

High  altitude  balloon  measurements  allow  observations  in  the  ultraviolet  down  to  200  nm. 

However,  measurements  between  240  and  270  nm  are  not  reliable  because  of  large  optical  depth 
effects.  Balloon  measurements  have  the  advantage  of  no  outgassing  problems,  and  no  damage 
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due  to  solar  ultraviolet  or  X-ray  radiation*  The  flltht  duration  is  several  hours  which  allows 
measurements  with  h^h  precision,  instruments  are  returned  for  post-flight  calibration  and  the 
flight  environment  is  less  harsh  than  that  of  sounding  rockets. 

Sounding  rocket  observations  cover  all  wavelengths  into  the  X-ray  region  without  s^nificMst 
absorption.  Calibration  can  be  carried  out  before  and  after  flight.  Their  shortcomings  are  the 
harsh  flight  environment,  limited  rocket  carrying  capability,  and  the  short  fligK  dur^ion  which 
does  not  allow  in-flight  calibration  and  results  in  rather  limited  signal-to-noise  ratios. 

Solar  irradiance  measurements  from  satellites  have  o precision  over  extended  time  periods 
an4,  therefore,  Mlow  observing  the  short  term  variation  of  the  Sun.  Their  disadvantage  is  the 
long  period  between  the  last  laboratory  calibration  and  iautu:h,  and  the  fact  that  the  instruments 
cennot  be  returned  for  post-flight  calibration.  In  addition,  the  experiments  suffer  from  severe 
desradation  caused  by  soiar  ultraviolet  and  X-ray  radiation  and  this  requires  that  calibration 
checks  be  carried  out  by  independent  means. 

In  the  future,  the  space  shuttle  will  provide  an  additional  platform.  The  prinwry  advantage  is 
longer  flight  duration  (days  to  weeks)  than  sounding  rockets,  which  allows  in-flight  calibration 
and  better  statistics.  The  shuttle  can  carry  much  larger  instruments  than  sounding  rockets  and 
allows  their  return  for  post-flight  calibration,  but  It  has  the  same  disadvantage  of  rockets, 
namely,  a harsh  flight  environment  (high  vibration,  outgassing). 

ABSOLUTE  IRRADiANCES  AND  TEMPORAL  VARIABILITY 

Variations  in  the  solar  irradiance  iKCur  on  time  scales  ranging  fro«n  seo)nds  to  hours  for  solar 
flares,  days  to  weeks  for  the  development  of  active  regions  and  solar  rotation,  11  years  for  the 
sunspot  cycle,  and  p>erhaps  longer  periods  such  as  the  90  year  ‘Cleissberg  cycle*  which  appears 
in  the  enwiope  of  maximum  sunspot  numbers  measured  over  many  solar  cycles  (Heath,  1981a).  ^ 
nnechanism  which  provides  for  a "significant  variation  in  the  full-disk  solar  irradiance  is  the 
change  in  the  number  of  piage  regions  visible  from  Earth  (Cook  et  al.,  1980;  Brueckner,  1981). 
This  accounts  for  the  27*day  period  which  is  now  firmly  established  as  well  as  a solar  cycle 
variation.  In  general,  the  percentage  variation  in  full-disk  irradiance  assocatcd  with  active 
regions  increases  as  wavelength  decreases  and  at  wavelengths  longer  than  210  nm  becomes  less 
than  1 to  2%  (Cook  et  al.,  1980;  Brueckner,  1981).  Early  measurements  from  the  Solar  Backscatter 
Ultraviolet  instrument  on  Nimbus  7 reveal  both  a 27-day  and  longer  term  variation.  Although  the 
variation  with  solar  rotation  is  confirmed,  it  is  still  possible  that  the  longer  term  change  arises 
from  an  instrumental  effect.  Further  analysis  is  required  before  definitive  conclusions  can  be 
reached  (Hea»h,  1961a).  Between  200  and  300  nm,  solar  line  blanketing  reaches  a maximum 
(Kurucz,  1981),  and  hence,  it  is  conceivable  that  small  changes  in  the  opacity  of  the  solar 
atmosphere  might  lead  to  measurable  changes  in  emission.  However,  the  reality  of  this  mechanism 
as  a cause  of  significant  solar  variability  has  not  yet  been  established.  Further  discussion  of  the 
origin  of  solar  variation  is  beyond  the  scope  of  this  appendix. 

Current  knowledge  of  the  solar  irradiance  in  the  spectral  region  135  to  850  nm  plus  lyn'an  alpha 
is  summarized  below. 

THE  LYMAN  ALPHA  LINE  (121.6  nm) 

Measurements  of  the  integrated  Lyman  Alpha  emission,  q,  for  a low  level  of  solar  activity  as 
reported  by  Vidal-Madjar  (1975),  Vidal-Madjar  and  Phissamay  (1980),  Hinteregger  (1901),  and 
Rottnian  (1981)  are  adequately  summarized  by: 

q • (2.5  t 0.5)  X 10^^  photons  cm’^s"^ 
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The  Lyman  alpha  irradiance  varies  with  solar  activity  and  is  correlated  with  the  10.7  cm  radio 
flux,  F(10.7).  A relationship  between  these  quantities  can  be  anticipated  from  the  fact  that  both 
emissions  originate  in  the  solar  chromosphere.  For  aeronomic  plication  it  is  convenient  to 
express  q in  terms  of  F(10.7)  although  any  formula  must  be  viewed  as  valid  only  in  a statistical 
sense.  Unfortunately  the  various  dependencies  of  q on  solar  activity  reported  in  the  literature 
differ  markedly  among  themselves.  The  results  of  Hinteregger  (1961)  imply  larger  changes  in 
Lyman  alpha  than  those  of  VidahMadjar  (1975).  Both  of  these  data  sets  represent  long-term 
observations  from  satellites.  Comparison  of  results  obtained  from  rockets  by  Mount  et  ai.  (1980) 
and  Rottman  (1981)  support  the  smaller  variations  as  does  the  plage  model  of  Cook  et  al.  (1960). 
However,  as  discussed  by  Hinteregger  (1961),  data  from  the  five  rocket  flights  of  Rottman  (1961) 
show  a spread  of  more  than  a factor  of  two  among  themselves,  m/'Jving  a reliable  determination 
of  the  mean  irradiance  at  solar  minimum  difficult*  With  the  present  state  of  knowledge  the  linear 
relationship: 

q a 2.5  X * 0.011  x 10‘*‘*  (F(10.7)  - 65) 

derived  by  Bossy  and  Nicolet  (1961)  is  adequate  for  atmospheric  modeling.  Figure  B-1  presents 
the  Lyman  alpha  irradiances  used  to  derive  this  equation  plotted  as  a function  of  F(1U.7)  in 
watts  m“2Hz"1.  The  data  of  Hinteregger  (1981)  which  appear  in  the  figure  have  been  adjusted  by 
Bossy  and  Nicolet  (1981)  to  account  for  a hypothesized  instrument  drift.  However,  the  proper 
magnitude  of  such  a correction  is  uncertain  «id  the  recommended  equation  yields  q values 
smaller  than  reported  by  Hinteregger  (1981)  for  high  levels  of  solar  activity.  It  is  possible  that  a 
linear  relationship  between  q and  F(10.7)  is  invalid  for  high  levels  of  solar  activity.  Hence,  any 
expression  giving  the  Lyman-alpha  irradiance  in  terms  of  F(10.7)  is  subject  to  modification  as 
improved  knowledge  from  satellite  experiments  becomes  available. 

THE  SPECTRAL  REGION  135  TO  175  nm 

1 his  wavelength  region  is  relevant  to  the  mesosphere  in  that  it  influences  the  atomic  oxygen 
concentration  near  the  upper  boundar\.  The  irradiance  results  reported  by  different  observers 
show  a wide  spread  as  indicated  in  Table  B-1  which  wmpares  the  total  number  of  photons 
cm“2s-1  between  135  and  175  nm  as  reported  by  various  groups.  The  differences  among  the 
measurements  in  the  1972-1975  t^riod  surely  represent  systematic  calibratiiwi  diffeiences. 
According  to  Hinteregger  (197b),  the  minimum  number  of  solar  photons  is  5.7x10^^  cm~*-s“^ 
integrattKl  between  135  and  175  nm  as  compared  to  an  average  value  from  Rottman  (1901)  of  (9  t 
1)  X 10^^  cm'^s'l.  The  average  of  the  extreme  values  for  solar  minimum  is  7.5  x 10^^  cm”^s“^ 
with  a spread  of  t30%.  The  results  of  Mount  et  al.  (1980)  and  Mount  and  Rottman  (1981)  for  high 
solar  activity  give  an  integrated  irradiance  of  1.3-1.5x10^2  cm"*s”\  or  a ratio  of  maximum  to 
minimum  of  1.4  to  1.7  when  data  ft  m similar  instruments  ar'  compared.  The  plage  model  of 
Cook  et  al.  (1980)  and  Rrueckner  (1981)  suggests  a ratio  of  1.3  with  a statistical  uncertainty  of 
♦30%,  which  is  in  good  agreement  with  the  measurements.  It  is  clear  that  the  irradiance  between 
'i35  and  175  nm  shows  a substantial  variability  over  the  solar  cycle;  however,  in  view  of  the 
discrej^ancies  among  irradiance  data  taken  near  solar  minimum,  the  absolute  values  must  bi» 
consideitid  as  certain  to  no  more  than  i25  to  30%. 

THE  SPECTRAL  REGION  175  TO  200  nm 

Several  indepenck»nt  <lata  sets  exist  for  this  wavelength  region.  Ihese  are  compared  in  figure  H-2 
which  gives  the  ratio  of  several  measured  Irradiances  to  those  ut  Sanrain  and  Simon  (197b)  which 
refer  to  a quiet  solar  disk.  Differences  at  the  shorter  wavelengths  may  represent  true  solar 
variations.  In  particular,  the  data  of  Mount  et  al.  (1980)  and  Mount  and  .Tuttman  (1981)  refer  to 
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lUO  200  300 


SOLAR  FLUX  (10.7cm) 

Figure  B-1.  Variation  of  the  solar  Lyman-alpha  irradiance  with  the  10.7  cm  radio  flux.  Measurements  are 
from  Vidal-Madjar  (1975)and  Hinteregger  (1981)as  compiled  by  Bossy  and  Nicolct  (1981). 


Table  B-1 

Observed  Solar  Irradiance  Integrated  Over  the  Spectral  Range  135  to  175  nm 


Date  of 
Observation 

I 

10.7  cm 
flux 

Irradiance 

1 .1 

(photons  cm  “s  ) 

Reference 

2 November  1973 

84 

5.7  X 10** 

Heroux  and  Higgins  (1977) 

23  April  1974 

74 

5.2  X 10** 

Heroux  and  Higgins  (1977) 

13  December  1972 

111 

8.7  X 10** 

Rottman  (1981) 

30  August  1973 

91 

7.7  X 10** 

Rottman  (1981) 

28  July  1975 

75 

8.2  X 10** 

Rottman  (1981) 

18  February  1976 

70 

1.0x  10*^ 

Rottman  (1981) 

9 March  1977 

80 

l.Ox  10*2 

Rottman  (1981) 

5 June  1979 

224 

1.5  X 10*2 

Mount  et  al.  (1980) 

15  July  1980 

218 

1.3  X 10*2 

Mount  and  Rottman  (1981) 
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Figure  B-2.  Observed  solar  irradiance  in  the  spectral  range  175  to  200  nm  expressed  as  ratios  relative  to  Samain 
and  Simon  (1976).  Dashed  lines  indicate  a ± 20%  range.  The  numbering  is  as  follows: 

I = Samain  and  Simon  (1976),  2 = Brueckner  ct  al.  (1976),  3 = Mount  and  Kottman  (1981) 

4 ® Heath  (1980),  5 = Prediction  of  plage  model  of  Cook  et  al.  (1980)  for  * 200  and  the  quiet 
Sun  irradiance  of  Samain  and  Simon  (1976). 

solar  maximum  conditions.  At  wavelengths  greater  than  180  nm  the  results  of  Samain  and  Simon 
(197b),  Brueckner  et  al.  (1976),  Mount  et  al.  (1900),  Mount  and  Kottman  (1901)  and  the  Nimbus  7 
SBUV  measurements  of  Heath  (1900),  generally  agree  to  within  20%.  The  plage  model  of  Cook  ct 
al.  (1900)  and  Brueckner  (1981)  suggests  irradiances  near  solar  minimum  which  are  smaller  than 
those  for  a very  large  solar  maximum,  Zurich  sunspot  number  » 320,  by  factors  of  1.3,  1.2  and 
1 .2  at  the  wavelengths  176,  182,  and  202  nm  respectively.  At  210  nm  and  longer  wavelengths,  only 
a low  contrast  exist  between  the  background  solar  disk  and  plage  regions  and,  hence,  the  plage 
nxrdel  here  predicts  a variability  of  less  than  1 to  2%. 

The  reference  spectra  appear  in  Table  B-2  which  contains  the  following  information.  The  data  of 
Samain  and  Simon  (1976)  are  given  as  representative  of  solar  minimum  conditions  while  the 
values  of  Mount  and  Rcttman  (1981)  are  characteristic  of  the  solar  maximum  in  1979.  A 
reasonable  error  bar  on  both  sets  is  t2D%.  Reference  to  Figure  B-2  shows  that,  when  these 
uncertainties  are  included,  the  data  by  themselves  cannot  be  taken  to  support  a variation  with 
solar  activity  since  the  error  bars  overlap.  However,  the  plage  model  of  solar  variability  provides 
a predictive  tool  based  on  a specific  physical  mechanism.  For  additional  reference.  Table  B-2 
contains  a solar  maximum  spectrum  generated  from  the  Samain  and  Simon  (1976)  results  using 
the  plage  nvidel  for  R^  » 200  which  is  characteristic  of  1979.  Comparison  of  the  Mount  and 
Rottman  (1981)  data  with  this  computed  spectrum  shows  an  average  difference  of  2.4%  with  a 
one  standard  deviation  spread  of  11.5%.  Because  the  full-disk  irradiance  varies  with  the  number 
of  active  regions,  the  values  for  solar  maximum  presented  In  Table  B-2  refer  only  to  1979.  The 
emission  at  the  maximum  of  one  solar  cycle  generally  will  differ  from  that  at  other  maxima.  In 
the  absence  of  longer  term  variability,  not  accounted  for  by  the  number  of  active  regions,  the 
irradiances  at  different  solar  mininki  will  be  similar. 
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Table  B-2 

Reference  Solar  Spectral  Imdiance  for  Wavelengths  1 75-200  nm 
Error  Bars  on  Measured  Spectra  are  ± 20  Percent. 


Wavelength 

Interval 

(nm) 

Solar  Minimum  1 
Irradiance 
(photons  cm'Tt'l) 

Solar  Maximum  2 
Imdiance 
(photons  cm'Tt'l) 

Computed^ 
Solar  Maximum 
Irradiance 
(photons  cm-Ts'l) 

175.0-176.0 

0.74x1011 

1.22x1011 

0.89x1011 

176.0-1 77  jO 

0.85 

1J9 

1.01 

177.0-178.0 

1.15 

1.42 

134 

178.0-179.0 

1J2 

1.54 

1.52 

179.0-180.0 

1.29 

160 

1.48 

180.0-181.0 

1.54 

1.63 

1.75 

181.0-182.0 

2.00 

2.01 

2.27 

182.0-183.0 

1.86 

194 

2.10 

183.0-184.0 

197 

295 

2.23 

184.0-185.0 

1.66 

1.80 

168 

185.0-186.0 

1.91 

2.05 

2.16 

186.0-187.0 

2J7 

2J7 

268 

187.0-188.0 

2.66 

2.77 

3.01 

188.0-189.0 

2.80 

2.91 

3.16 

189.0-190.0 

2.93 

331 

331 

190  0-191.0 

2.94 

3.41 

332 

191.0-192.0 

3J3 

3.86 

3.76 

192.0-193.0 

3.48 

4.15 

393 

193.0-194.0 

2.54 

331 

2.87 

194.0-195.0 

4.46 

4.85 

5.04 

195.0-196.0 

4.27 

5.25 

4.83 

196.0-197.0 

4.86 

5.62 

5.49 

197.0-198.0 

4.87 

6.13 

530 

198.0-199.0 

4.92 

6.07 

536 

199.0-200.0 

5.53 

6.54 

6.25 

*Diti  of  Sunain  and  Simon  (1976)  for  a quiet  solar  diik. 


‘Data  of  Mount  and  RotUnan  (1981). 


^Computed  from  the  plage  model  of  Cook  et  al.  (1980)  for  * 200  using 
the  quiet  sun  results  of  Satnain  and  Simon  (1976). 
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THE  SPECTRAL  REGION  220  TO  330  nm 

The  only  measurement  of  solar  irradiance  during  solar  cycle  20  which  covered  the  wavelength 
range  corresponding  to  the  Hartley  bands  of  ozone  was  performed  by  Broadfoot  (1972)  in  June 
1970.  Irradiance  values  from  210  to  320  nm  were  published  with  a quoted  accuracy  of  ±10%  and  a 
resolution  of  0.3  nm.  Observations  at  several  discrete  wavelengths  were  made  in  the  same 
spectral  range  by  the  BUV  spectrometer  on  board  the  Nimbus  4 satellite  and  published  hy  Heath 
(1973).  The  bandpass  of  this  latter  instrument  was  1 nm  making  difficult  an  accurate  comparison 
with  Broadfoot*  s data  but  the  agreement  seems  reasonably  good.  On  the  other  hand,  Simon 
(1974)  reported  irradiance  observations  from  1%  to  230  nm  from  a balloon-borne  spectrometer 
with  a bandpass  of  0.6  nm  which  are  from  30  to  15%  lower  than  those  published  by  Broadfoot 
(1972).  The  quoted  accuracy  is  t20%.  The  same  balloon-borne  spectrometer  yielded  irradiance 
data  beyond  284  nm  (Simon,  1975)  with  an  accuracy  of  t15%  and  the  same  resolution.  The 
agreement  with  Broadfoot  is  good  up  to  305  nm.  it  should  be  mentioned  that  Broadfoot  (1972) 
quoted  lar^r  uncertainties  between  300  and  320  nm  than  at  shorter  waveiengths.  Beyond  200 
nm,  other  measurements  performed  from  a Convair  Jet  aircraft  were  made  by  Arvesen  et  al. 
(1%9)  with  a quoted  accuracy  of  25%  at  300  nm.  Disagreements  reaching  40%  appear  between  the 
data  of  Arvesen  et  al.  (1%9)  and  those  of  Broadfoot  (1972)  in  the  wavelength  interval  300  to  320 
nm,  very  important  for  the  formation  of  0(^D)  from  the  photodissociation  of  O3.  The  values  of 
Simon  (1975)  have  been  widely  accepted  as  more  reliable  in  this  interval. 

Since  1976,  corresponding  to  the  beginning  of  solar  cycle  21,  several  measurements  of  the  solar 
irradiance  have  been  performed  beyond  200  nm.  They  include  observation  by  means  of  the 
Nimbus  7 satellite  (Heath,  1980),  rockets  (Mount  et  al.,  1980;  Mount  and  Rottman,  1961;  Mentall 
et  al.,  1981)  and  stratospheric  balloons  (Simon  et  al.,  1981a,b).  Dates,  wavelength  intervals  and 
quoted  accuracies  for  nwst  of  these  appear  in  Table  B-3.  Figure  B-3  presents  the  ratios  of 
different  measured  irradiance  values  integrated  over  5 nm  intervals  from  210  to  240  nm  taking  as 
a reference  the  data  obtained  by  Heath  (1980)  from  Nimbus  7,  The  5 nm  interval  has  been  chosen 
to  reduce  the  effect  of  the  different  spectrometer  resolutions  on  irradiance  values.  The  data  of 
Simon  (1974)  are  not  presented  in  this  figure  for  the  sake  of  clarity,  however,  they  agree  with  his 
more  recent  values  to  +5%  in  this  wavelength  range  (Simon  et  al.,  1981a,b).  Systematic 
divergences  clearly  appear  between  most  of  the  measurerr>ents  and  are  probably  due  to 
experimental  errors.  Differences  between  the  balloon  flights  do  not  exceed  12%.  The  two  last 
flights  are  in  very  close  agreement,  within  5%,  with  the  data  obtained  by  Heath  (1980).  They 
confirm  that  values  of  Broadfoot  (1972)  should  be  lowered  hy  at  least  25%  in  this  wavelength 
range.  The  lowest  values  of  Mount  et  al.  (1980)  do  riot  seem  reliable  because  they  are  not 
confirmed  by  the  last  rocket  flight  reported  by  Mount  and  Rottman  (1981),  using  a similar 
spectrometer. 

New  measurements  between  240  and  270  nm  include  those  of  Heath  (1980),  Mount  and  Rottman 
(1981)  and  Mentall  et  al.  (1981).  All  are  systematically  lower  in  this  wavelength  interval  than 
those  of  Broadfoot  (1972).  They  diverge  by  15%  between  240  and  250  nm  and  agree  quite  well 
around  270  nm. 

Figure  B-4  presents  the  comparison  of  irradiance  values  integrated  over  5 nm  between  270  and 
330  nm,  taking  as  a reference  the  Nimbus  7 data  of  Heath  (1980).  The  agreement  between  all  the 
observations  is  rather  good  (±10%)  up  to  295  nm.  Beyond  this  wavelength,  the  data  of  Mount  and 
Rottman  (1981)  become  significantly  lower  than  the  others  such  as  those  of  Broadfoot  (1972) 
longward  of  305  nm.  Some  balloon  observations  exhibit  discrepancies  of  up  to  15%  at  longer 
wavelengths,  but  the  results  of  Simon  (1981a, b)  agree  with  those  of  Heath  (1980)  to  within  5%, 


RATIO  (REFERRED  TO  NIMBUS  7 SBUV,  NOV  7,  1978) 


THE  STRATOSPHERE  1961:  THEORY  AND  MEASUREMENTS 


Tatde  B-3 

UV  Solar  Irradiance  Obaervatii^  Beywid  200  nm 


Ssfennce 

Dite  of  ObMfvttion 

WaveUttith 
interval  (nm) 

V^Ode 

. 

Accuracy 

Arvtsen  et  al.  (1969) 

Aug.  • Nov.  1967 

3OO-2SO0 

aircraft 

± 25  • * 3% 

Broadfoot  (1972) 

June  IS,  1970 

210-320 

rocket 

t 10% 

Slffion  (I97S) 

Sept.  23,  1972 

285  • 355 

baSoon 

± 15% 

Heath  (1980) 

May  16, 1973 
Nov.  7, 1978 

160-400 

uteliitc 

i 10  - ± 3% 

Mount  ti  al.  (1980) 

June  7, 1979 

120  - 256 

rocket 

t 15% 

NeckelindUba(1981) 

1960a 

330-1348 

ground 

t 1.5-  ± 1% 

Simon  et  al.  (1981a,  b) 

July  1,1976 
July  7, 1977 

270-330 

balloon 

i 10% 

Mount  and  Rot' man  (1981) 

Sept.  14, 1979 
June  24, 1980 
July  IS,  1980 

120-318 

rocket 

t 15% 

Mentallet  al.  (1981) 

Sept.  15. 1980 

200  330mn 

rocket 

L 

± 1.5% 

Figure  B-3.  Observed  solar  irradiance  ir.  the  spectral  range  210  to  240  nm  expressed  as  ratios  relative  to  the 
Nimbus  7 data  of  Heath  (1980).  Values  are  integrated  over  S nm  intervals.  The  labeling  is  as 
follows.  B70  = Broadfoot  (1972),  MR80  = Mount  and  Rottman  (1981),  S77,  S76,  S80,  S79  = 
Simon  el  al.  (1981a,  b),  MRT  = Mount  et  al.  (1980). 
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Figure  B4.  Observed  solar  irradiance  in  the  spectral  range  270  to  330  nm  expressed  as  ratios  relative  to  ttie 
Nimbus  7 data  of  Heath  (1980).  Values  are  integrated  over  S nm  intervals.  The  labeling  is  as 
follows:  S77,  S79,  S80  = Simon  et  al.  (1981a, b),  B70  - Broadfoot  (1972),  MR80  = Mount  and 
Rottman  (1981). 

Tables  B-4  and  B-5  contain  the  reference  spectrum  based  on  the  data  of  Heath  (1900).  The  error 
bar  near  200  nm  is  £15%,  decreasing  to  t10%  near  300  nm.  This  spread  encompasses  both 
instrumental  error  as  well  as  any  true  solar  variability. 

THE  SPECTRAL  REGION  330  TO  852.2  nm 

Two  sets  of  data  cover  this  wavelength  range,  namely  those  of  Arvesen  et  al.  (1%9)  and  those 
of  Neckel  and  Labs  (1981)  which  supersede  the  data  published  by  Labs  and  Neckel  (1970).  The 
latest  values  are  based  on  observations  obtained  during  the  1960s  from  a high  mountain 
observatory  with  a 2 nm  resolution.  They  are  probably  the  nost  reliable  observations  in  the 
visible  and  their  quoted  accuracy  is  better  than  t2%. 

The  aircraft  data  of  Arvesen  et  al.  (1%9)  cannot  be  directly  adopted  for  several  reasons:  first, 
their  wavelength  scale  has  to  be  adjusted  below  400  nm  to  align  the  Fraunhofer  lines  with  their 
known  positions.  Second,  the  data  suffer  from  uncertainties  due  to  changes  in  the  spectral 
irradiance  scale  of  the  National  Bureau  of  Standards  in  1973.  Third,  the  solar  constant  value  of 
139  mW  cm "2  deduced  from  their  observations  is  larger  than  the  value  generally  adopted  of 
137  m/i  cm'2  based  on  the  recent  observations  of  Willson  et  al.  (1961).  Consequently,  the 
irradiance  values  of  Arvesen  et  al.  (1%9)  have  to  be  adjusted  either  by  comparison  with  the  data 
of  Neckel  and  Labs  (1981)  or  the  accepted  solar  constant.  Both  methods  produce  results  which 
lie  within  -3%  of  each  other  to  wavelengths  beyond  400  nm. 

The  reference  spectrum  of  Table  B-5  is  based  on  the  data  of  Heath  (1980)  to  330  nm  and  the  data 
of  Arvesen  et  al.  (1969)  adjusted  to  a solar  constant  of  137  mW  cm"2  at  longer  wavelengths.  The 
accuracy  in  the  visible  region  is  better  than  +3%  but  degrades  toward  the  ultraviolet  to  +10%. 
Any  long  term  variability  in  this  spectral  region  cannot  be  detected  in  the  available  irradiance 
data  buy  may  manifest  itself  via  measurenoents  of  the  solar  constant. 
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Table  B4 

Reference  Solar  ^ctral  Irradiance  for  Wavelengths  200.0-307.7  nm 
See  Text  for  Discussion  of  Error  Bars. 


Wavenumber 

Wavelength  Interval 

Solar  Irradiance 

Interval  (cm-1) 

(nm) 

({^otons  cm'2s*l) 

50,00049^00 

200.0-202.0 

1.40  X 1012 

49,50049,000 

202.0-204.1 

1.69 

49,00048,500 

204.1-206.2 

2.07 

48,50048,000 

206. 2-208 J 

2.52 

48,00047,500 

208-3-210.5 

4.21 

47 ,50047^00 

210.5-212.8 

7.23 

47,00046,500 

212.8-215.0 

7.79 

46,50046,000 

2150-217.4 

8.45 

46,00045,500 

217.4-219.8 

1.05  X 1013 

45,50045,000 

219.8-222.2 

1.19 

45,00044,500 

222J-224.7 

1.51 

44,500-44,000 

224.7-227J 

1J3 

44,00043,500 

227J-229.9 

IJl 

43,50043,000 

229.9-232.6 

1.51 

43,00042,500 

232.6-235J 

132 

42,50042,000 

235J-238.1 

1.50 

42,00041,500 

238.1-241.0 

134 

41,50041,000 

241  0-243.9 

2.02 

41,00040,500 

243.9-246.9 

1.82 

40,50040,000 

246.9-250.0 

1.88 

40.000-39,500 

250.0-253.2 

1.83 

39,500-39,000 

253.2-256.4 

2.25 

39,000-38,500 

256.4-259.7 

4.65 

38,500-38,000 

259.7-263.2 

4.44 

38,000-37,500 

263.2-266.7 

1.07  X 1014 

37,500-37,000 

266. 7-270 J 

1.18 

37,000-36,500 

270J-274.0 

1.08 

36,500-36,000 

274.0-277.8 

1.04 

36.000-35, .500 

277.8-281.7 

7.54  X 1013 

35,500-35,000 

281.7-285.7 

1 .48  X 1014 

35,000-34,500 

285.7-289.9 

2.17 

34.500-34,000 

289.9-294.1 

3.46 

34,000-33,500 

294.1-298.5 

339 

33,500-33,000 

298.5-303.0 

3.24 

33,000-32,500 

303.0-307.7 

4.40 

A REFERENCE  SOLAR  SPECTRAL  IRRADIANCE  FOR  USE  IN  ATMC^PHERIC  MODELING  B-11 


Table  B-S 

Reference  Solar  Spectral  Irradiance  for  Wavelengths  307^-852.5  nm 
(Values  are  Irradiance  Inte^ttd  Over  5 nm  Centered  on  Wavelength 
Given)  See  Text  for  Discustion  of  Error  Bars. 


Wav«Un|th 

(nm) 

Solar  Imdlanoe 
(phrtonscm'2fl) 

Wavrien^ 

(nm) 

Solar  IrrMHanoa 
(photons  cm'Vl) 

310 

455  X 1014 

2.55  X 1015 

3IS 

5J3 

2.51 

320 

6.22 

540 

2.49 

325 

6.96 

545 

2i5 

330 

861 

550 

233 

335 

8.15 

555 

234 

340 

8.94 

560 

230 

345 

8.44 

565 

2.57 

350 

869 

570 

238 

355 

9.14 

575 

267 

360 

8.23 

580 

267 

365 

1j07x  1015 

585 

2.70 

370 

1.08 

590 

262 

375 

9.72  X 10>4 

595 

2.69 

380 

1.11  X 1015 

600 

263 

385 

898  X 10>4 

60S 

268 

390 

1.18x  10>5 

610 

2.66 

395 

934x1014 

615 

2.59 

400 

1.69  X 1015 

620 

269 

405 

1,70 

625 

261 

410 

1.84 

630 

262 

415 

1.97 

635 

262 

420 

1.95 

640 

263 

425 

1.81 

645 

260 

430 

167 

650 

235 

435 

1.98 

655 

2.48 

440 

2.02 

660 

2.57 

445 

2.18 

665 

261 

450 

236 

670 

261 

455 

231 

675 

2.62 

460 

239 

680 

262 

465 

238 

685 

237 

470 

239 

690 

2.52 

475 

2.44 

695 

260 

480 

2.51 

700 

2.58 

485 

230 

705 

2.52 

490 

239 

710 

2.5! 

495 

2.48 

715 

2.48 

500 

2.40 

720 

2.45 

505 

2,46 

725 

2.48 

510 

2.49 

730 

2.45 

515 

232 

735 

2.44 

520 

239 

740 

239 

525 

2.42 

745 

2.40 
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TaUe  B-S.  Refeienoe  Sobr  ^)ectial  Imdunce  f<»  Wavdoigtla  3073-852 J nm  (continued) 


Wavelength 

(nm) 

Solar  Irradiance 
(photons  cn>‘2a'l) 

Wavelength 

(nm) 

Solar  Irradiance 
(photons  on*2rl) 

750 

2.41  X 1015 

800 

237 

755 

2.40 

805 

237 

760 

238 

810 

230 

765 

234 

815 

232 

770 

232 

820 

2.18 

775 

230 

825 

230 

780 

233 

830 

2.14 

785 

234 

835 

2.14 

790 

239 

840 

2.13 

795 

239 

845 

2.09 

850 

2.05 

THE  SOLAR  CONSTANT 

The  mean  value  of  the  solar  constant  is  136.831  mW  cm"2  (Willson  et  al.  1961).  Short  term 
variations  show  average  amplitudes  of  t0.C6%.  Up  to  0.2%  decreases  in  the  sols'  constartt  over  a 
7-day  period  have  been  observed  and  are  correlated  with  the  development  of  sunspot  groups. 
Any  long  term  changes  in  the  sols  constant  are  still  highly  spreculative. 

CONCLUSIONS  AND  FUTURE  DIRECTION  FOR  SOLAR  IRRADIANCE  MEASUREMENTS 


Two  basic  problems  remain  concerning  our  knowledge  of  the  solar  irradianoe  values  presently 
used  for  studies  of  atmospheric  chemistry. 

(1)  The  absolute  value  for  solar  irradiance  is  known  with  an  accuracy  of  +30%  at  the  shortest 
wavelength.  120  nm,  and  improves  to  +10%  at  300  nm.  A factor  of  two  improvement  in  accuracy 
is  desirable  if  the  irradiance  values  are  to  be  useful  in  validating  photochemical  models  by 
comparing  their  predictions  with  trace  gas  measurements. 

(2)  Our  knowledge  of  solar  variability  is  still  masked  by  insufficient  relative  accuracy  and 
precision  in  available  observations.  Satellite  observations  between  120  and  400  nm  give  evidence 
of  a solar  rotation  effect  over  time  periods  of  months,  however,  a solar  cycle  variability  above 
200  nm  is  not  obvious  when  irradiance  data  ore  examined  in  light  of  overall  error  budgets.  Only 
at  wavelengths  less  than  200  nm  is  the  existence  of  a solar  cycle  variability  well-established. 
However,  its  magnitude  is  uncertain. 


A KtFlltENCk  sot  AR  SPtCTRAl  IRRADIANCt  FOR  USIIN  ATMOSPHIRIC  MOOEtING  B-13 


To  overcome  these  observational  difficulties,  the  following  improvements  are  required*. 

(1)  Available  standards  must  he  improved.  Present  uitravitdet  transfer  standards,  both  radiance 
and  irradlance,  have  inherent  uncertainties  as  larfa  ^ t10%  and  discrepancies  between  standards 
often  exceed  the  stated  accuracies.  Widespread  use  of  syischrotron  radiation  (e.g*,  the  NBS  SURF 
II  facility)  is  lively  to  improve  the  absolute  accuracy  of  the  primary  standard  to  a range  of  t1  to 
2%  for  future  measurements. 

(2)  It  is  essential  that  a stable  reference  source  be  maintairsed  over  extended  periods,  tA  least 
over  a solar  cycle,  to  ensure  continuity  of  instrumerw  calibration  programs. 

(1)  Observers  must  he  encouraged  to  coordinate  and  intercompare  their  observations.  A 
standard  format  fisr  ern>r  budget  analysis  would  validate  the  agreements  or  disagreements. 

(4)  The  dose  symbiotic  relationship  between  rocket,  balloon  and  satellite  experiments  must  be 
continued  and  improved,  long-term  drifts  in  the  satellite  sensitivity  must  be  determlised  by 
frequent  rocket,  balioisn,  and  shuttle  observations.  On  the  cither  hand,  quick  'snap-shots*  of  the 
Sun  must  be  interpreted  with  the  aid  of  satellite  monitoring  to  filter  short  and  intermediate  term 
solar  variations.  The  future  use  of  the  space  shuttle  will  improve  solar  irradiance  measurements 
considerably  over  those  obtained  fey  soundkig  rockets. 

(^)  To  obtain  reliahk*  information  from  which  to  estimate  the  ultraviolet  irradiance  at  various 
time  in  tne  solar  cycle,  continuous  monitoring  is  essential. 
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APPENDIX  C 

STRATOSPHERIC  INSTRUMENTS  AND  ANALYSES 


GROUND  BASED  INSTRUMENTS 
DOBSON  OZONE  SPECTROPHOTOMETER 

The  instrument  contains  (a)  a double  monochromator  for  isolating  two  suitable  wavelengths,  (b) 
a photomultiplier  and  amplifier,  and  (c)  two  optical  wedges  whose  position  (and  therefore 
absorption)  is  controlled  by  a graduated  dial  for  measuring  the  relative  intensities  of  these 
wavelengths.  The  two  wavelengths  fall  on  to  the  same  photomultiplier,  but  a rotating  shutter 
admits  first  one  wavelength  and  then  the  other.  By  means  of  the  optical  wec^s,  the  stronger 
wavelength  is  reduced  in  intensity  until  the  photomultiplier  gives  the  same  current  for  each 
wavelength.  After  suitable  calibration  the  position  of  the  optical  wedges  will  give  the  relative 
intensities  of  the  two  wavelengths. 

The  purpose  of  the  instrument  is  to  measure  the  total  amount  of  ozone.  This  is  deduced  from 
the  measured  reduction  in  the  intensity  of  sunlight  in  its  passage  through  the  atmosphere.  Since 
it  is  much  easier  to  measure  the  relative  absorption  of  two  wavelengths  than  the  absolute 
absorption  of  one  wavelengtl\  two  wavelengths  are  used  having  very  different  absorption 
coefficients.  The  pairs  in  common  use  are:  A (305.5  and  325.4  nm),  B (308.8  and  329.1  nm),  C 
(311.45  and  332.4  nm),  D (317.6  and  339.8  nm)  and  C (332.4  and  453.6  nm).  Measurements  may 
be  made  from  the  direct  Sun,  the  clear  blue  zenith  sky,  or  from  the  cloudy  zenith  sky. 
Observations  are  archived  by  the  Atmospheric  Environment  Service,  Downsview,  Ontario,  Canada. 

Vertical  profiles  erf  ozone  r..ay  be  deduced  from  Umkehr’  observations  on  the  zenith  blue  sky 
for  solar  zenith  distances  between  36*  and  90^.  The  inversion  of  the  observations  in  terms  of 
ozone  profiles  is  done  by  the  Atmospheric  Environment  Service.  For  a recent  discussion  of  the 
status  of  methods  for  estimating  total  ozone  and  ozone  profiles  from  Dobson  data,  see  Mateer, 
1980. 


In  Table  C-1  are  listed  stations  for  which  total  ozone  observations  are  being  made  as  of  1900, 
with  an  indication  of  the  length  and  completeness  of  the  data  set.  In  Table  C-2  are  listed  the 
stations  currently  making  Umkehr  observations. 

FILTER  OZONOMETER  (M-83) 

This  instrument  currently  is  a two-channel  filter  photometer  with  nominal  center  wavelengths  at 
299.0  nm  (22.5  nm  full  width  at  half  power)  and  at  324.7  nm  (15.0  nm  full  width  at  half  power). 
A photocell  is  used  for  direct  sun  observations;  a photomultiplier  for  observation  of  the  zenith 
sky.  Information  on  stations  in  operation  as  of  1980  is  included  in  Table  C-1. 

OZONESONDES  (SMALL  BALLOONS) 

Three  Brewer-type  electrochemical  instruments  are  presently  available  for  routine  operation:  the 
MAST  sonde,  instruments  produced  In  the  German  Democratic  Republic,  and  those  produced  in 
India.  Two  Komhyr  types  are  available:  the  CCC  and  the  KC-)apan.  Stations  in  operation  as  of 
1960  are  listed  in  Table  C-3. 


C-1 
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Tftble  C-1 

Total  Oza)9  Statioin  in  Operation  as  of  1980 


Station 

Initial  Year 
(since  1 958) 

Months  of 
KBasfaigData 

North  Temperate 

Europe 

Aarhus 

1958 

12 

Aroea 

1958 

2 

Mtk 

1963 

2 

Biscanosie 

1976 

1 

Bracknell  (Cambortie) 

1958 

11 

Bucharest 

1980 

0 

Budapest 

1967 

40 

Cacii^ 

1958 

4 

Cairo 

1978 

0 

ilohMipeisaenberg 

1968 

0 

Hradec  Kr^ove 

1961 

1 

Lerwick 

1958 

15 

Lisbon 

1968 

10 

Magny-Les-Hameaux 

1980 

0 

Oslo 

1978 

0 

Potsdam 

1964 

11 

Sestola 

1977 

0 

Uccle 

1973 

3 

Vigne  de  Valle 

1958 

0 

Casablanca 

1971 

24 

North  America 

Bismark 

1963 

3 

Boulder 

1964 

2 

Caribou 

1963 

4 

Chutchiil 

1965 

3 

Edmonton 

1958 

2 

Goose  Bay 

1962 

1 

Nashville 

1963 

3 

Toronto 

1960 

5 

Wallops  island 

1972 

1 

White  Sands 

1972 

0 

Japan 

Kagoshima 

1958 

3 

Naha 

1974 

0 

Sapporo 

1958 

0 

Tateno 

1958 

0 

1 

India-Pakistan 

Mount  Abu 

1958 

3 

New  Delhi 

1958 

0 

Poona 

1973 

5 

QuetU 

1968 

9 

Srinagar 

1964 

6 

Varanasi 

1964 

1 
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Ttble  Cl 

Totil  Ozone  Sutions  in  Operttion  as  of  1980  (Continued) 


Station 

Initial  Year 
(since  19S8) 

Months  of 
KfistingData 

China 

Kunming 

1980 

0 

Shiangher 

1979 

2 

Soviet  Union  (M>&3) 

Alma  Ata 

19S8 

11 

Ashkhabad 

1%2 

9 

Bolihaya  Elan 

1963 

14 

Dikson  Island 

1958 

100 

Dushanbe 

1963 

7 

Irkutsk 

I960 

9 

Kkv 

1960 

19 

Kuybyshev 

1962 

5 

Leningrad 

1958 

30 

Moscow 

1962 

12 

Murmansk 

1962 

25 

Nagaevo 

1962 

40 

Odessa 

1962 

4 

Omsk 

1962 

4 

Riga 

1961 

26 

Sverdlovsk 

1962 

4 

Vladivostok 

1962 

13 

Yakutsk 

1962 

33 

North  Polar 

Bar  row 

1974 

25 

Resolute 

1958 

26 

Reykjavik 

1958 

70 

Tropics 

Bangkok 

1978 

10 

Cainu  (Darwin) 

1966 

7 

Huancayo 

1964 

1 

Kodaikanal 

1958 

4 

Mahe 

1976 

0 

Manila 

1979 

0 

Mauna  Loa 

1961 

0 

Mexico  Qty 

1974 

6 

St.  Helena 

1977 

0 

Samoa 

1976 

0 

Singapore 

1979 

0 

South  Temperate 

Aspendale 

1958 

0 

Brisbane 

1958 

0 

Buenos  Aires 

1966 

I 
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Table  C-1 

Total  Ozone  Stations  in  Operation  as  of  1980  (Continued) 


Sution 


South  Tempente  (Cmtinued) 

Hobart 
Invercargill 
Macquarie  bland 
Perth 


Initial  Year 
(since  1958} 


Months  Qt 
MssingData 


South  Polar 

Amundsen  Scott 
Syowa 


Table  C-2 

Umkehr  Stations  in  Operation  as  of  1980 


Station 

Initial  Year 
(since  1958) 

Europe 

Arusa 

1961 

Belsk 

1963 

Cairo 

1978 

Lisbon 

1967 

North  America 

Boulder 

1978 

Edmonton 

1974 

Japan 

Kagothima 

1958 

Naha 

1976 

Sapporo 

1958 

Tatenu 

1958 

India 

Mount  Abu 

1964 

New  Delhi 

1%5 

Poona 

1975 

Srinagar 

1976 

Varanasi 

1964 

Australia 

Aspen  dale 

1958 

Brisbane 

1959 

Macquarie  Island 

1961 

Months  of 
Missing  Data 


Goose  Bay  and  Churchill  tvve  reported  old  data,  fit'.l  no  data  for  1979  or  1980. 
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Table  C-3 

Ozonesonde  Stations  in  Operation  u of  1980 


Station 

Initial  Year 
(since  1958) 

Mtmthsof 
Missing  Data 

North  America 

Churchill 

1973 

0 

Edmonton 

1973 

0 

Cold  Lake 

1977 

26 

Goose  Bay 

1%9 

0 

Palestine 

1977 

18 

Toronto 

1976 

26 

Wallops  Island 

1970 

26 

Europe 

Biscanosse 

1976 

0 

Hohenpeissenberg 

1966 

0 

Legionowo 

1980 

0 

Lindenberg  (TtmpelhoO 

1967 

11 

Thalwil/Payeme 

1968 

0 

Uccle 

1965 

20 

North  Polar 

Resolute 

1966 

5 

Tropics 

Natal 

1979 

40 

Australia 

Aspendale 

1965 

6 

Japan 

Kagoshima 

1968 

19 

Sapporo 

1968 

35 

Tateno 

1968 

23 
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SATELLITE  INSTRUMENTS 

BUV  (BACKSCATTER  ULTRAVIOLET  SPECTROMETER) 

The  Nimbus  4 Backscatter  Ultraviolet  (BUV)  Spectrometer  experiment  was  designed  to  monitor  the 
vertical  distribution  and  total  amount  of  atmospheric  ozone  on  a global  scale  by  measuring  the 
intensity  of  UV  radiation  backscattered  by  the  Earth/atmosphere  system  in  the  250  to  380  nm 
spectral  region.  The  primary  instrumentation  consisted  of  a double  monochromator  containing 
ail  reflective  optics  and  a photomultiplier  detector.  The  double  monochromator  was  composed 
of  two  Fastie’Ebert  instruments  in  tandem.  Each  had  a 64  by  b4  mm  grating  with  2400  lines  per 
mm;  the  triangular  slits  were  1.0  mm  full  width  at  half-maximum.  Light  from  a 0.05  steradian 
solid  angle  (subtending  a square  of  about  200  km  on  the  Earth's  surface  from  a satellite  altitude 
of  about  1100  km)  entered  the  nadir  pointing  instrument  through  a depolarizing  filter.  A 
motor-driven  cam  stepfjed  the  gratings  to  monitor  the  intensity  at  12  different  wavelength 
bands.  For  ground  reflectivity,  a filter  photometer  measured  the  UV  radiation  in  an  ozone-free 
absorption  area  near  380  nm.  Signals  from  both  units  were  read  by  separate  range-switching 
electrometers.  During  each  data  frame  (of  32  s duration)  the  monochromator  measured  the 
intensity  of  the  UV  radiation  in  each  of  the  12  wavelength  bands  while  the  photometer 
simultaneously  measured  the  UV  intensity  in  a single  wavelength  band.  The  dwell  time  at  each 
wavelength  was  1.8  s;  during  this  interval,  four  analog  UV  intensity  measurements  were  taken  at 
400  ms  intervals  in  addition  to  an  integrated  pulse  count  n>easurement  of  the  UV  intensity  and 
energetic  particle  flux.  Once  each  orbit,  a diffuser  plate  deployed  to  monitor  the  Sun  directly. 
Total  ozone  was  obtained  from  data  at  312.5  and  339.8  nm;  the  vertical  distribution  was 
obtained  by  mathematical  inversion  of  data  for  wavelengths  between  273.5  and  305.8  nm.  For  a 
complete  description  of  the  BUV  experiment,  see  Section  7 in  The  Nimbus  IV  User's  Guide, 
available  from  the  NSSDC. 

HIRS  (HIGH  RESOLUTION  INFRARED  RADIATION  SOUNDER) 

The  Nimbus  6 High  Resolution  Infrared  Radiation  Sounder  (HIRS)  supported  the  CARP  data  test 
set  by  providing  vertical  temperature  profiles  twice  daily  on  a global  basis,  extending  up  to 
approximately  40  km,  and  information  on  the  water  vapor  distribution  in  the  troposphere.  The 
HIRS  measured  radiances  primarily  in  five  spectral  regions  --  (1)  seven  channels  near  the 
15-micrometer  CO2  absorption  band,  (2)  two  channels  in  the  IR  window,  11.1  and  3.7  micro- 
meters, (3)  two  channels  in  the  water  vapor  absorption  band,  8.2  and  6.7  micrometers,  (4)  five 
channels  in  the  4.3-micrometer  band,  and  (5)  one  channel  in  the  visible  0.69-micrometer  region. 
The  sounder  consisted  of  a Cassegrain  telescope,  scanning  mirror,  dichroic  beam  splitter,  filter 
wheel,  chopfjer,  and  associated  electronics.  The  HIRS  scanned  the  Earth's  surface  in  a plane 
normal  to  the  spacecraft's  orbital  path  with  a maxir^um  scan  angle  of  30“  to  either  side  of  nadir. 

IRIS  (INFRARED  INTERFEROMETER  SPECTROMETER) 

This  is  a Twyman-Green  modification  of  Michelson  interferometer  spectrometer  operating  in  the 
b.5  to  40  micrometer  wavelength  region.  Radiation  from  a cone  of  atmosphere,  whose  base  on 
the  surface  of  the  Earth  is  a circle  98  km  in  diameter,  is  reflected  into  the  instrument  from  a 
plane  mirror  which  rotates  to  provide  image  motion  compensation.  The  radiation  is  split  into 
two  beams,  one  of  which  is  reflected  from  a proving  mirror,  recombined  and  focused  onto  a 
bolometer  detector.  Interference  effects  result  from  the  path  length  differences  in  the  two 
beams  as  the  mirror  moves.  It  travels  about  2 mm  in  13  seconds  to  give  an  interferogram  which 
is  recorded  on  tape.  Observations  are  beguri  1b  seconds  apart  in  which  time  the  spacecraft 
travels  about  120  km;  thus,  there  is  no  overlap  in  successive  observations.  After  recording  14 
interferograms,  two  calibration  observations  are  made,  one  for  a reference  blackbody  at  300  K and 
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one  for  outer  space.  A Fourier  transformation,  performed  by  digital  computer,  must  be  made  on 
each  telemetered  interferogram  to  produce  a spectrum.  Then,  to  relate  this  to  atmospheric 
conditions,  appropriate  spectra  absorption  regions  must  be  chosen  and  employed  in  an  inversion 
of  the  radiative  transfer  equations. 

ITPR  (INFRARED  TEMPERATURE  PROFILE  RADIOMETER) 

ITPR  measures  IR  radiation  in  four  spectral  intervals  of  the  15-micrometer  carbon  dioxide  band,  a 
spectral  interval  of  the  rotational  water  vapor  band,  and  in  the  2.8  and  11 -micrometer  spectral 
windows.  Coverage  is  cluster-sampled  in  three  clusters  of  10  by  14  instantaneous  fields-of-view 
per  cluster  distributed  symmetrically  about  either  side  of  nadir  but  staggered  by  cluster  in  the 
orbital  direction.  Each  cluster  matrix  contains  14U  resolution  elements.  Measurements  in  the 
carbon  dioxide  and  water  vapor  absorption  bands  will  be  used  to  calculate  the  temperature 
profiles  and  the  total  water  vapor  in  the  lower  stratosphere  and  troposphere  by  inverting  the 
radiative  transfer  equation  using  numerical  and  mathematical  techniques.  The  statistical 
fluctuations  of  the  radiation  data  from  the  independent  resolution  elements  will  be  used  in  the 
solution  to  account  for  the  attenuation  of  the  clouds  in  addition  to  the  two  window  measure- 
ments, which  should  enable  cloud  contamination  of  the  radiances  to  be  detected  and  eliminated, 
thus  permitting  actual  determination  of  temperature  profiles  down  to  the  Earth's  surface. 

LIMS  (LIMB  INFRARED  MONITOR  OF  THE  STRATOSPHERE) 

The  objective  of  the  Limb  Infrared  Monitor  of  the  Stratosphere  (LIMS)  experiment  is  to  map  the 
vertical  profiles  of  temperature  and  the  concentration  of  ozone,  water  vapor,  nitrogen  dioxide, 
and  nitric  acid  in  the  lower  to  middle  stratosphere  range,  with  extension  to  the  stratopause  for 
water  vapor  and  into  the  lower  mesosphere  for  temperature  and  ozone.  The  instrument  has  a 
six-channel  infrared  radiometer  that  incorporates  Hg-Cd-Te  detectors  cooled  by  a two-stage 
solid  cryogen  cooler.  The  radiometer  maps  vertical  profiles  of  therrr.al  IR  emission  coming  from 
the  horizon  in  six  bands.  Two  of  the  channels  are  used  to  determine  radiance  profiles  of 
emission  by  C02*  These  profiles  are  mathematically  inverted  to  obtain  temperature  versus 
pressure.  The  inferred  temperature  profile,  together  with  radiance  profiles  in  the  other  spectral 
bands,  are  then  used  to  infer  the  vertical  distribution  of  trace  constituents. 

The  temperature  is  determined  to  an  accuracy  of  about  1.5  K.  Constituent  concentrations  are 
determined  with  an  accuracy  of  about  20%,  with  the  exception  of  NO2  which  is  determined  to 
within  about  50%.  Instantaneous  vertical  field-of-view  at  the  horizon  is  2 km  for  the 
temperature,  ozone,  and  nitric  acid  channels  and  4 km  for  the  NO2  and  water  vapor  channels. 

LRIR  (LIMB  RADIANCE  INVERSION  RADIOMETER) 

The  Nimbus  6 Limb  Radiance  Inversion  Radiometer  (LRIR)  provided  calibrated  radiance  versus 
altitude  profiles  by  intercepting  radiation  emanating  from  an  atmospheric  path  which  is 
tangential  to  a particular  geocentric  height.  The  LRIR  sensed  radiation  in  four  sprectral  intervals 
— (1)  the  14.6-  to  15.9-micrometer  CO2  band,  (2)  tbe  14.2-  to  17.3-micrometer  CO2  band,  (3) 
the  8.8-  to  10.1-micrometer  ozone  band,  and  (4)  the  2U-  to  25-micrometer  water  vapor 
rotational  band.  Measurements  taken  in  the  two  CO2  channels  and  the  water  vapor  channel  were 
used  to  calculate  global  temperature  and  water  vapor  profiles  in  the  stratosphere  and  lower 
mesosphere.  In  addition,  values  of  the  geostrophic  wind  up  to  1 mbar  (approximately  48  km) 
were  derived  analytically  from  the  deduced  temperature  profiles.  The  radiometer  included  an 
optical  system,  a scanning  nrirror,  choppers,  associated  electronics  and  employed  an 
ammonia-methane  cooler  system  for  three  of  the  four  detector  channels.  While  the  deduced 
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temperature  profiles  had  an  root  mean  square  accuracy  of  t3  K at  heights  above  15  km,  the  values 
for  ozone  were  accurate  to  within  t20%  at  1 mbar.  Water  vapor  values  at  the  same  height  were 
within  50%, 

MFR  (MULTICHANNEL  FILTER  RADIOMETER) 

The  Multichannei  Filter  Radiometer  (MFR),  also  called  Special  Sensor  H (SSH)  is  a Vertical 
Temperature  Profile  Radiometer  (VTPR).  The  objective  of  this  experiment  is  to  obtain  vertical 
temperature,  water  vapor,  and  ozone  profiles  of  the  atmosphere  to  support  Department  of 
Defense  :^equirements  in  operational  weather  analysis  and  forecasting.  The  SSH  is  a 16-channel 
sensor  with  one  channel  (1022  cm"^)  in  the  12-micrometer  atmospheric  window,  six  channels 
(747,  725,  708,  695,  676,  668,5  cm“^)  in  the  15-micrometer  CO2  absorption  band,  and  eight 
channels  (535,  408.5,  441.5,  420,  374,  397.5,  355,  353.5  cm“^)  in  the  22-  to  30-nacrometer 
rotational  water  vapor  absorption  band.  The  experiment  consists  of  an  optical  system,  detector 
and  associated  electronics,  and  a scanning  mirror.  The  scanning  mirror  is  stepped  across  the 
satellite  subtrack,  allowing  the  SSH  to  view  25  separate  columns  of  the  atmosphere  every  32  s 
over  cross  track  ground  swath  of  2000  km.  While  the  scanning  mirror  is  stopped  at  a scene 
station,  the  channel  filters  are  sequenced  through  the  field-of-view.  The  surface  resolution  is 
approximately  39  km  at  nadir.  The  radiance  data  are  transformed  into  temperature  water  vapor 
and  ozone  profiles  by  a niatheniatical  inversion  technique.  A more  complete  description  of  the 
experiment  can  be  found  in  the  report  by  Nichols  (1975). 

PMR  (PRESSURE  MODULATED  RADIOMETER) 

The  Nimbus  6 Pressure  Modulated  Radiometer  (PMR)  experiment  took  radiometric  measurements  in 
the  15-micrometer  CO2  band  at  altitudes  between  45  and  7U  km  on  a global  scale.  By  appropriate 
mathematical  retrieval  methods,  the  temperature  structures  of  the  upper  stratosphere  and  lower 
mesosphere  were  then  deduced.  The  pressure  modulation  technique  permitted  the  extension  of 
selective  chopping  techniques  to  higher  altitudes  where  the  pressure-broadened  emission  lines  in 
the  15-micrometer  CO2  band  became  so  narrow  that  conventional  spectrometers  and 
interferometers  had  insufficient  spectral  resolution.  In  addition  to  pressure  scanning  (in  discrete 
stejis),  the  radiometer  also  employed  Doppler  scanning  along  the  direction  of  flight.  The  PMR 
comprised  two  simitar  radiometer  channels,  each  consisting  of  a plane  scanning  mirror,  reference 
blackbody,  pressure  modulator  cell,  and  detector  assembly.  The  plane  mirror  was  gold-coated 
and  mounted  at  45*  on  a 90“  stepping  motor  so  that  the  field-of-view  of  the  channel  could  be 
directed  to  space  or  the  internal  reference  blackbody  ^or  inflight  range  and  zero  calibration.  The 
motor  was  mounted  on  a pair  of  flexible  pivots  so  that  the  mirror  could  be  rotated  through 
+7-1/2*  from  its  rest  position  to  give  the  required  doppler  scan.  Major  components  in  the 
pressure  modulator  cell  were  a movable  piston,  a diaphragm,  and  a magnetic  drive  coil,  The 
detector  assembly  consisted  of  a field  lens,  a condensing  light  pipe,  and  pyroelectric  flake 
bolometer.  Each  radiometer  had  a field-of-view  that  was  2(y  whole  angle  across  the  spacecraft's 
line-of-flight  and  4*  whole  angle  parallel  to  the  line-of-flight. 

SAGE  (STRATOSPHERIC  AEROSOL  AND  GAS  EXPERIMENT) 

The  objectives  of  the  Stratospheric  Aerosol  and  Gas  Experiment  (SAGE)  are  to  determine  the 
spatial  distribution  of  stratospheric  aerosols  and  ozone  on  a global  scale.  Specific  objectives  are 

(1)  to  develop  a satellite-based  remote  sensing  technique  for  stratospheric  aerosols  and  ozone, 

(2)  to  map  aerosol  and  ozone  concentrations  on  a time  scale  shorter  than  major  stratospheric 
changes,  (3)  to  locate  stratospheric  aerosol  and  ozone  sources  and  sinks,  (4)  to  monitor 
circulation  and  transfer  phenomena,  (5)  to  observe  hemispheric  differences,  and  (6)  to  investigate 
the  optical  properties  of  aerosols  and  assess  their  effects  on  global  climate.  The  SAGE 
instrument  consists  of  a Cassegrainian  telescope  and  a detector  subassembly  which  measures  the 
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attenuation  of  solar  radiation  at  four  waveienths  (0.3d,  0.45,  0.6,  and  1.0  micrometers}  during 
solar  occultation.  As  the  spacecraft  emerges  from  the  Earth's  shadow,  during  sunrise  the  sensor 
will  acquire  the  Sun  and  measure  the  attenuation  of  solar  radiation  by  different  atmospheric 
layers.  This  procedure  is  repeated  during  spacecraft  sunset.  Two  vertical  scannings  are  otMained 
during  each  orbit,  with  each  scan  requiring  approxinrtately  0.5  minute  of  time  to  cover  the 
atmosphere  above  the  troposphere.  The  instrument  has  a field-of-view  of  approximately  1 
minute  of  arc  which  will  result  in  a vertical  resolution  of  less  than  1 km. 

SAMS  (STRATOSPHERIC  AND  MESOSPHERIC  SOUNDER) 

The  objective  of  SAMS  was  to  observe  emission  from  the  limb  of  the  atmsophere  through  various 
pressure  modulator  radiometers  and  to  determine  temperature  and  vertical  concentrations  of 
H2O,  N2O,  CH^  CO,  and  NO  in  the  stratosphere  and  mesosphere  to  approximately  90  km. 
Measurements  of  zonal  wind  i''  this  region  were  attempted  by  observing  the  Doppler  shift  of 
atmospheric  emission  lines.  Radiation  from  the  limb  of  the  atmosphere  was  incident  on  a 
telescope  of  15-cm  aperture.  In  front  of  the  telescope  a plane  mirror  scanned  the  limb,  viewr,>d 
space  for  calibration,  and  viewed  the  atmosphere  obliquely  to  obtain  vertical  profiles.  Thrse 
adjacent  fields-of-view,  each  28  by  2.8  mrad  (corresponding  to  100  km  by  10  km  at  the  limb), 
focused  onto  a field-splitting  mirror  which  directed  radiation  to  six  detectors.  The  remaining 
division  into  channels  was  accomplished  through  dlchroic  beam  splitters.  There  were  seven 
pressure  rTx>dulator  cells  (PMC),  two  containing  CO2,  the  remainder  N2O,  NO,  CH4,  CO,  and  H2O. 
Pressure  in  the  cells  could  be  varied  on  command  by  changing  the  temperature  of  a small 
container  of  molecular  sieve  material  attached  to  each  PMC.  The  spectral  parameters  for  the  H2O 
channel  were  2.7  micrometers  and  25  to  100  micrometers.  All  other  channels  lay  vithin  the  range 
of  4.1  to  15  micrometers.  Within  the  telescope,  a chopper  operating  at  250  Hz  allowed 
measurement  of  two  separate  signals  from  all  detectors,  one  at  250  Hz  and  one  at  the  PMC 
frequency.  Comparison  of  these  signals  permitted  eliminating  emission  from  interfering  gases 
within  a particular  spectral  interval.  In  front  of  the  chopper  a small  black  body  at  known 
temperature  could  be  introduced  for  calibration. 

SAM  II  (STRATOSPHERIC  AEROSOL  MEASUREMENT  • II) 

The  objective  of  SAM  II  is  to  map  the  concentration  and  optical  properties  of  stratospheric 
aerosols  as  a function  of  altitude,  latitude,  and  longitude.  When  no  clouds  are  present  in  the 
instrument  field-of-view  (IFOV),  the  tropospheric  aerosols  can  also  be  mapped.  The  instrument, 
basically  a Sun  photometer,  measures  the  extinction  of  solar  radiation  at  1 .U-micrometer 
wavelength  during  spacecraft  sunrise  and  sunset.  The  photometer  views  a portion  of  the  solar 
disk  with  a 5 arc  min  IFOV  and  a sampling  rate  of  5U  samples  per  second.  As  the  spacecraft  first 
views  the  sunrise,  the  photometer-pointing  axis  is  depressed  approximateiy  0.52  rad  with  respect 
to  the  spacecraft  horizontal.  The  photometer  continues  looking  at  the  Sun  until  its  depression 
angle  is  on  the  order  of  0.44  rad  (approximately  1.4  minutes  observing  time).  Before  sunset,  the 
photometer  head  rotates  3.14  rad  in  azimuth  and  views  the  Sun  from  a depression  of 
approximately  0.44  to  0.52  rad  as  the  spacecraft  orbits  to  the  dark  side  of  the  Earth.  For  the 
expected  high  noon  orbit,  latitudes  of  between  1.12  and  1.40  rad  (64^  to  80^  latitude)  in  both 

hemispheres  are  scanned  for  3 months.  The  extinction  measurements  are  inverted  for  the 

number-density  times  the  aerosol  scattering  cross  section  by  using  the  Lambert-Beer  Law  and 

assuming  the  atmosphere  to  be  composed  of  layers.  To  determine  the  stratospheric  aerosol 

optical  properties,  ground-truth  in  situ  balloon  borne  aerosol  measurements  are  also  made. 
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SBUV/TOMS  (SOLAR  AND  BACKSCATTER  ULTRAVIOLET/TOTAL  OZONE  MAPPING  SYSTEM) 

The  objectives  of  the  SBUV/TUMS  are  to  determine  the  vertical  distribution  of  ozone,  map  the 
total  ozone  and  monitor  the  incident  solar  ultraviolet  irradiance  and  ultraviolet  radiation 
backscattered  from  the  Earth.  The  SBUV  spectrometer  measures  solar  UV  that  is  badcscattered  by 
the  Earth's  atmosphere  at  12  wavelengths  between  250  and  330  nm  with  a spectral  band  pass  of 
1.0  nm.  The  instrument  field-of-view  of  0.20  rad  is  directed  at  the  nadir.  A parallel  photometer 
channel  at  340  nm  measures  the  reflectivity  of  the  atmosphere' s lower  boundary  in  the  same  0.20 
rad  field'-of-view  . Both  channels  also  view  the  Sun  for  calibration  through  the  use  of  a diffuser 
plate  deployed  near  the  terminator.  The  contribution  functions  for  the  eight  shortest 
wavelengths  are  centered  at  levels  ranging  from  55  to  28  km  and  are  used  to  infer  the  vertical 
ozone  profile.  The  four  longest  wavelengths  have  contribution  functions  in  the  troposphere 
which  are  used  to  compute  the  total  ozone  amount.  The  SBUV  spectrometer  has  a second  mode 
of  operation  that  allows  a continuous  spectral  scan  from  160  to  400  nrn  for  detailed  examination 
of  the  solar  spectrum  and  its  temporal  variations.  The  TOMS  systems,  operating  in  parallel  with 
the  SBUV,  step  scans  across  a 105®  field-of-view  normal  to  the  orbital  track  with  an  FOV  of 
approximately  0.052  rad.  At  each  scan  position  the  Earth  Radiance  is  monitored  at  six 
wavelengths  between  310  and  380  nm  to  infer  the  total  ozone  amount.  The  instrument  consists 
principally  of  three  Ebert-Fastie  monochromators,  two  of  which  are  operated  in  tandem  for  stray 
tight  rejection.  TOMS  uses  the  third  monochromator,  which  is  equippred  with  a spatial  scan 
mechanism  at  the  entrance  slit.  The  signal-to-noise  ratio  of  the  SBUV  is  greater  than  5x10^.  The 
TOMS  signal-to-noise  ratio  is  greater  than  1x10^. 

SCR  (SELECTIVE  CHOPPER  RADIOMETER)  (6  CHANNEL) 

The  Nimbus  4 Selective  Chopper  Radiometer  (SCR)  observed  the  emitted  infrared  radiation  in  the 
15-microrrwter  absorption  band  of  carbon  dioxide.  From  these  measurements,  the  temperature 
of  six  successive  10-km  layers  of  the  atmosphere  were  determined  from  Earth  or  cloudtop  level  to 
60-km  height.  Height  resolution  was  obtained  by  a combination  of  optical  multilayer  filters  and 
selective  absorption  of  radiation  using  carbon  dioxide-filled  cells  within  the  experiment.  The  SCK 
had  six  channels,  which  were  arranged  in  three  units  of  two.  The  four  lower  channels  were 
called  single  cell  channels.  The  optics  of  each  channel  included  a cantilever-mounted  blade 
shutter  that  oscillated  at  1U  Hz  and  successively  chopped  the  field-of-view  between  Earth  and 
space.  The  chopped  radiation  was  then  passed  through  a 10-cm  path  length  of  carbon  dioxide, 
the  pressure  being  set  for  each  channel  to  define  the  viewing  depth  of  the  atmosphere.  Behind 
the  carbon  dioxide  path  was  a narrow-barid  filter,  the  centers  of  which  were  different  for  each 
channel,  and  a light  pipe  which  converged  the  radiation  on  a thermistor  bolometer  detector.  To 
obtain  adequate  height  resolution  in  the  upper  layers  of  the  atmosphere,  the  upper  two  channels 
operated  on  a slightly  different  principle  and  were  known  as  double  cell  channels.  The  technique 
consisted  of  switching  the  radiation  between  two  half-cells,  semicircular  in  shap>e  and  of  1-cm 
path  length,  containing  different  pressures  of  carbon  dioxide.  A movable  45®  mirror  was  used  in 
place  of  the  oscillating  shutter  used  in  the  lower  four  channels.  During  one  half-period.  Earth 
radiation  passed  through  one  half-cell  and  space  radiation  through  the  other.  The  situation  was 
reversed  during  the  other  half-period.  The  radiation  tlien  passed  through  a light  pipe  onto  a 
thermistor  bolometer  detector.  Inflight  calibration  was  carried  out  by  viewing  of  an  internal 
reference  blackbody  of  known  temperature  prior  to  the  view  of  space. 

SCR  (SELECTIVE  CHOPPER  RADIOMETER)  (16  CHANNEL) 

The  Nimbus  5 Selective  Chopper  Radiometer  (SCR)  was  designed  to;  (1)  observe  the  global 
temperature  structure  of  the  atmosphere  up  to  5U  km  in  altitude,  (2)  make  supporting 
observations  of  water  vapor  distribution,  and  (3)  determine  the  density  of  ice  particles  in  cirrus 


STKATOSrtlERIC  INSTRUMENTS  AND  ANALYSES 


C-11 


clouds*  To  accomplish  these  obiectives,  the  SCR  measured  emitted  radiation  in  16  spectral 
intervals  separated  into  the  following  four  groups  — (1)  eight  CO2  channels  between  13. tt  and 
15.0  micrometers,  (2)  an  IR  window  channel  at  11.1  micrometers  and  a water  vapor  channel  at 
18.6  micrometers,  (3)  two  channels  at  49.5  and  133.3  micrometers,  and  (4)  2.08,  2.59,  2.65,  and 
3.5  micrometers.  From  an  average  satellite  altitude  of  1100  km,  the  radiometer  viewed  a 48*‘km 
circle  on  the  Earth's  surface.  The  CO2  channels  nwasured  over  a height  range  similar  to  the 
Nimbus  4 SCR  but  to  a greater  accuracy. 

SIRS  B (SATELLITE  INFRARED  SPECTROMETER) 

The  instrument,  a modification  of  the  SIRS  A,  is  a Fastie-Ebert  fixed-grating  infrared  spectrom- 
eter with  the  following  features:  (1)  a plane,  light-collecting  mirror  to  provide  one  fixed  and  two 
variable  Earth-viewing  angles;  (2)  a balanced  rotating  chopping  mirror  which  serves  alternatively 
to  collect  space  radiation,  and  Earth  radiation;  (3)  a spherical  mirror  of  U.318  m focal  length;  (4) 
a 6.35  cm  with  49.2  lines  per  mm  diffraction  grating;  (5)  a set  of  14  exit  slits  with  associated 
interference  filters  for  order  limitation,  and  14  wedge-immersed  or  similar  thermistor  bolometers; 
and  (6)  a blackbody  radiation  source  for  calibration  purposes.  The  15-micrometer  radiation  data 
is  transformed  into  a single  temperature-pressure  profile  by  mathematical  inversion.  A similar 
technique  yields  the  altitude  profile  of  water  vapor  from  the  18  to  35-micrometer  data.  The 
11.1 -micrometer  data  compared  with  a blackbody  temperature  calibration  curve  yields  surface  or 
cloudtop  temperatures.  The  bands  monitored  are  centered  at  11.12,  13.33,  14.01,  14.16,  14.31, 
14.45,  14.76,  14.95,  18.82,  22.91,  23.50,  34.31,  33*11,  35.71  micrometers.  Data  is  accumulated  in 
6-second  intervals  to  give  profiles  each  80  km  along  the  strip. 

TOVS  (TIROS  OPERATIONAL  VERTICAL  SOUNDER) 

TOVS  is  an  operational  vertical  sounder  system  first  flown  on  TIR05-N  in  1978  and  expected  to 
continue  in  use  on  successive  NCAA  satellites  until  the  late  Vl80s.  It  consists  of  three  separate 
and  independent  instruments,  the  data  from  which  may  be  combined  fur  the  computation  of 
atmospheric  temperature  profiles,  humidity  and  ozone.  The  three  instrunrents  are: 

1.  The  High  Resolution  Infrared  Radiation  Sounder  (HIRS  2),  A filter  radiometer  using  both  the 

4.3  and  15  ym  CU2  bands  for  temperature  sounding  and  the  9.bum  band  for  total  ozone 

measurement. 

2.  The  Stratospheric  Sounding  Unit  (SSLJ).  A pressure  modulated  radiometer  usitjg  selective 

absorption  of  incoming  radiation  in  the  15  um  band  by  three  CO2  filled  cells  at  different 

pressures.  The  design  is  based  on  techniques  used  in  the  earlier  Nimbus  fa  RMR. 

3.  The  Microwave  Sounding  Unit  (MSU).  A passive  radiometer  with  four  channels  operating  in 
the  50-60  GHz  oxygen  band. 

Although  the  SSU  (provided  by  tlie  U.K.  Meteorological  Office)  is  the  prime  sounding  instrument 
in  the  stratosphere,  HIRS  2 and  MSU  also  ha>«  channels  sensitive  to  radiation  originating  in  the 
stratosphere. 

In  addition  tt  the  operational  processing  of  all  global  data  at  NOAA/19ESS,  a subset  of  the  data 
(comprising  Earth-located  SSLi  instruniental  outputs  and  radiances  calculated  from  SSU,  MSU  and 
HIRS  2 channels  with  pe^  responses  in  the  stratosphere)  is  passed  via  a data  link  to  the  U.K. 
Meteorological  Office  where  global  stratospheric  analyses  arc  prerformed  daily  about  24  hours  in 
arrears.  An  archive  is  maintairred  including  SSU  instrument  data,  processed  radiances  and  derived 
analyses. 
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Since  all  TOVS  instruments  are  side  scanning  artd  two  satellites  are  usually  in  orbit  at  the  same 
time,  this  archive  provides  virtually  comply  global  covera^  and  observations  at  four  different 
solar  times,  thus  allowii^  study  of  diurnal  variations.  If  archiving  is  continued  throughout  the 
life  of  the  s^Rellite  system  it  will  also  result  in  the  longest  penod  of  stratospheric  data  obtained 
with  similar  instruments. 

The  channels  used  for  stratospheric  temperature  retrievals  from  the  TOVS  have  weighting 
functions  peaking  from  around  10  to  45  km.  <125  to  1.5  mbar).  The  details  are  (in  order  of 
ascending  height)  MSU  23:  10  km,  HIRS  3:  15  km,  MSU  24:  17  km,  HIRS  2:  19  km,  KIRS  1:  22  km 
(but  extending  much  higher),  HIRS  17:  28  km,  SSU  25:  30  km,  SSU  26:  38  km,  SSU  27  : 45  km.  This 
allows  effective  retrieval  of  thickness  from  100  to  1 mbar. 

VTPR  (VERTICAL  TEMPERATURE  PROFILE  RADIOMETER) 

The  ITOS-G  Vertical  Temperature  Profile  Radiometer  (VTPR)  sensed  the  radiant  energ/  from 
atmospheric  CO2  in  six  narrow  spectral  regions  centered  at  15.0,  14.8,  14.4,  14.1,  13.8,  and  13.4 
micrometers.  The  gross  atmospheric  water  vapor  content  vas  determined  from  measurements 
centered  at  18.7  micrometers.  Measurements  were  taken  in  the  12.0-rmcrometer  spectral  region  to 
determine  surface/cloudtop  temperatures.  The  VTPR  consisted  of  an  optical  system,  detector  and 
associated  electronics,  and  a scanning  mirror.  The  mirror  scanty  the  Earth's  surface 
perpendicular  to  the  satellite's  orbital  path.  As  each  area  is  scanned,  the  optical  system 
collected,  filtered,  and  detected  the  radiation  from  the  Earth  and  separated  it  into  the  eight 
spectral  intervals.  The  ^ound  area  covered  by  one  sample  of  data  was  approximately  50  to  50 
kn.  The  radiometer  operated  continuously,  taking  measurements  over  every  part  of  the  Earth's 
surface  twice  a day.  The  data  were  recorded  throughout  the  orbit  and  were  played  back  upon 
comnund  when  the  satellite  was  within  communication  range  of  a command  and  data  acquisition 
station.  Ground  personnel  used  the  data  to  compute  temperature-pressure  profiles  to  altitudes 
as  high  as  30  km.  All  o^ierational  data  from  this  experiment  were  handled  by  NOAA  and 
eventually  archived  at  the  National  Climatic  Center,  Asheville,  North  Carolina.  Identical 
experiments  were  flown  on  ITOS-D,  -E,  and  -F. 

INVESTIGATIONS  USING  STRATOSPHERIC  SATELLITE  DATA 

ANALYSIS  OF  SATELLITE  TOTAL  OZONE  DATA 

The  analysis  of  total  ozone  measurements  has  led  to  a number  of  scientific  investigations  of  the 
variability  of  total  ozone  both  considered  by  itself  and  as  related  to  the  changes  in  other 
atmospheric  phenomena  or  parar-etei;  such  as  temperature,  dynamics,  and  composition.  Studies 
relating  total  ozone  variability  directry  to  solat  flux  changes  also  are  being  undertaken.  Table  C-4 
summarises  some  of  the  published  analyses  of  total  ozone  using  the  IRIS,  MFK,  TOVS,  BUV, 
SBUV,  and  TOMS  instrunrwnts  mentioned  earlier. 


Table  C-4 

Publiihjc'l  Studies  of  Total  Ozone  Using  Satellite  DaU 


Imtruinent 

Authors  fYeax) 

TlUe 

IRIS 

1 

Bbckshev  and 
ToUon,  1978 

Haneletal.,  1972 

Keaung,  1978 

Lxxidoo  and  Reber. 
1979 

Prabhakaxa  et  al . 1970 
Prabhakara  etal  , 1976 

High  corretaiaom  between  variatioas  in  monthly  amazes  of  soUr  activity  and 
total  atmospheric  ozone. 

The  Nimbus  ♦ infrared  spectroacopy  expeiimeot  1 . Calibrated  thermal  esniHicai  spectra. 

Relation  between  mcothly  varatum  of  f^obal  ozone  taid  solar  activity.  j 

i 

Solar  activity  and  total  atmocpheric  ozone  | 

Remote  ic.uLig  of  atmospheric  ozone  using  the  9 A micron  band.  | 

The  Nimbus  4 infrared  tpectroscopy  expenment  3.  Observations  of  the  lower  stratos- 
pheric thermal  structure  and  total  ozone. 

MFR 

Lovili  «t  al  , 1978 
Luther,  et  al.  1980 

Total  ozone  retrieval  from  satellite  Multichannel  Filter  Radiometer  measurements. 

1/lobal  distilbuooD  of  total  ozone  during  January  and  February  1979  as  detersmned  from 
DMSP  Multichannel  FUter  Radicimeter  nteafurements. 

TOVS 

Crosby  et  iJ  . 1980 

Evaluation  and  comparisoti  of  total  ozone  fields  derived  from  TOVS  and  SBUV , 

BUV.  SBt'V.  TOMS 

i 

Crosby  et  al.,  1980 
i rieig  et  ai.,!978 

Evaluation  and  comparison  of  total  ozone  fieida  derived  from  TOVS  and  SRLAf . 
Global  total  ozone  deten/iuiatiora  from  Nimbus  4 BUV  spacecraft  data. 

■ 

(,>hazi.  19"?4 
Ghazi  1980a 

Nimbus  4 observations  of  chanpes  in  total  ozone  and  ttratoapheric  tempecalum 
during  a sudden  warming. 

i Anamolous  variations  of  radiative  heating/cooiing  in  the  tropical  jtratosphert 

1 

1 
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PubUihed  Studiei  of  Total  Ozone  Using  Satellite  DaU  (continued) 


biftniment 

Aulhon  (Year) 

Title 

BUV,SBUV,TOMS 

(continued) 

Ghizi.  1980b 
Gbazi  1980c 

Atlas  der  aobalverteilung  des  Geamtazoabeuasn  nach  Satellit«»erniiin*«». 
Ozone  effects  on  radiatm  damping  in  the  strataapheie. 

Gbazi  and  Barnett,  1980 

Ozone  behaviour  and  iiratosplieiic  thermal  structure  during  aotilhetn  bejuispbete  spring- 

Ghazietal.,  1976 

A study  of  satellite  observations  of  ozone  and  stratospheric  temperatures  during 
1970-1971. 

Ghazietal.,  1979 

Acceleration  of  upper  stratospheric  radiaiive  damping:  Observational  evidence. 

HQiearath  et  al.,  1979 

Vfffrwai  and  interannual  variations  in  total  ozone  revealed  by  the  Nin:btts4 
backscattered  ultraviolet  experiment. 

Hilaenrath  and 
Schlestngeir,  1981 

Total  ozone  seasonal  and  mtemannuat  variations  derived  from  the  7 year  NunbuM 
dau  set. 

A.  Miller  et  al.,  1 977a 

Stratospheric  ozone  transport  dirting  the  mid-«inler  warming  of  December  1970  - 
January  1971. 

A.  Miller  et  al.,  1977b 

Comportson  of  fiackscatter  Ultraviolet  (BUV)and  fround-bosed  lot4  ozone  fields  for 
December  1970. 

A.  Miller  et  al.,  1978a 

Variations  in  the  100  mb  height  fields  as  an  indicator  >f  long-term  trends  of  total 
ozone  at  individual  sampling  sites. 

A.  Miller  et  al..  1978b 

Veriricatron  of  Nimbus  4 BUV  total  ozone  dau  and  the  requrremenU  for  operational 
satellite  monitoring. 
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Table  C4 

Published  Studies  of  Total  Ozone  Using  Satellite  Data  (continued) 


— 

instrument 

j 

Authors  (Year) 

Title 

— 

BL'V.  SBUV,  TOMS 
(cr>ntinued) 

A.  MiUer  et  al.,  1979a 

CofTipariion  of  Backicatter  Ultraviokt  (BUV)  total  ozone  and  vertical  proSle 
information  with  ground-baaed  data  and  meteorological  analytes. 

A.  Miller  etal.,  1979b 

Preliminary  comparisons  of  daily  total  ozone  ftddt  derived  from  SBUV,  TOMS  and 
HIRS-2  uteillte  instrumenU. 

A.  Miller  etal  , 1979c 

Comparison  of  Backicatter  Ultraviolet  (BUV)  and  grountMnaed  total  ozone  Odds  for 
December  1970. 

j 

A.  Milkret  al.,  1979d 

Utilization  of  100  mb  midlatitude  height  fields  as  an  indicator  of  sampling  effects  on 
total  ozone  variations. 

i 

i 

A.  Milkret  al  . 1980 

Results  and  analytes  of  ground-baaed  and  satellite  ozone  observations  - A review. 

i 

L. 

Tobon,  1981 

J 

Spatial  and  temporal  variations  of  monthly  meat  total  columnar  ozone  derived  from 
7 yean  of  BUV  data. 

* 
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ANALYSIS  OF  OZONE  VERTICAL  PROFILE  DATA 

The  ozone  concentration  profile  data  analysis,  like  the  total  ozone  data  analysis,  is  a relatively 
mature  activity  with  many  investigations  completed,  in  progress  or  planned.  This  should  be 
expected  when  one  considers:  (a)  the  emphasis  which  has  been  placed  on  the  importance  of 
stratospheric  ozorte,  beginning  with  the  CIAP  program  in  the  early  1970s;  (b)  the  Congressional 
mandate  to  government  agencies  to  study  the  possibility  of  ozone  depletion  due  to  the  release 
of  fluorocarbons;  and,  (c)  two  of  the  longest  stratospheric  satellite  data  sets,  BUV  and  SBUV, 
contain  information  which  is  applicable  to  the  study  of  both  total  ozone  and  ozone  vertical 
profiles  at  altitudes  above  the  pead(  mixing  ratio  ievel  (i.e.,  about  35  km).  Table  C-5  lists  papers 
that  have  been  published  using  ozone  profile  satellite  data. 

ANALYSIS  OF  VERTICAL  TEMPERATURE  PROFILE  DATA 

The  analysis  of  the  temperature  data  sets  is  normally  a part  of  a meteorological  analysis  or  to 
analysis  of  the  relationships  betweer,  temperature  and  some  other  constituents  such  as  ozone. 
This  is  reflected  in  the  data  analysis  descriptions  presented  in  the  following.  Table  C-6  lists 
studies  that  have  been  published  using  satellite-derived  stratospheric  temperature  data. 


Table  C-5 

Published  Studies  of  Ozone  Profile  Satellite  Data 


Instrument 

Authors  (Year) 

Title 

BUV.  SBW 

Anderson  et  al.,  1980 

LRJR  observations  of  diurnal  oz«ie  variation  in  the  mesosphere. 

Gille.  1980 

Ozone  distributions  by  infrared  limb  scanning:  Preliminary  resulU  from  the  LRIR. 

Gille  et  al.,  1980c 

Observations  of  the  interaction  of  ozone  and  dyanmics. 

Gille  et  al.,  1980d 

Comparison  of  near  coincident  LRIR  and  OAO-3  measuremenU  of  equatorial  night 
ozone  profiles. 

Heath  et  aJ.,  1977 

Sdar  proton  event;  Influence  on  stratospheric  ozone. 

A.MUlcr  etal.,  1979a 

Comparison  of  Backscatter  Ultraviolet  (BUV)  total  ozone  and  vertical  profile  informa- 
tion with  ground-based  data  and  meteorological  analyses. 

A.  Miller  et  al.,  1980 

Results  and  analyses  of  ground-based  and  satellite  ozone  observations  - A review. 

LIMS 

Gille  et  al.,  1980b 

Temperature  and  composition  measurements  from  the  LRIR  and  LIMS  experiments  on 
Nimbus  6 and  7. 

Gille  et  al.,  1980e 

The  Limb  Infrared  Monitor  of  the  Stratosphere  (UMS)  experiment;  Temperature  and 
results. 

Remsberg  et  al.,  1980 

The  validation  of  LIMS  ozorw  profiles  c-ing  correlative  ECC  and  Dobson  dau  sets. 

Russell  etal.,  1981 

Satellite  observation  of  upper  atmosphere  0^  and  HNOj  from  the  Limb  Infrared 
Monitor  of  the  Stratosphere  (LIMS)  experiment  on  Nimbus  7. 

SAGfc 

McCormick  et  al.,  1980 

Satellite  profile  measuremenU  of  stratosidiereic  ozmie. 

McCormick  et  al.,  1981b 

Stratospheric  aerosol  and  ozone  measurements  by  the  SAM  II  and  SAGE  satellite  sensors. 
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Table  C-6 

Some  Published  Studies  Using  Satellite-Derived  Stratospheric  Temperature  Data 


— 1 

Instrument 

Authors  (Year) 

nue 

IRIS 

Hanel  et  al.,  1972 

TT»e  Nimbus  infrared  spectroKopy  experiment  1 Calibrated  thermal  emisaioD 
spectra. 

Prabhakara  et  al.,  1976 

The  Nimbus  4 infrared  spectroscopy  experiment  3.  Observations  of  the  lower 
suatospheric  thermal  structure  and  total  ozone. 

SCR.PMR 

Aanenien,  1973 

The  use  of  Nimbus  4 radiance  and  radiosonde  daU  in  the  construction  of 
stratospheric  contour  dtartt. 

Asgeirsson  and  Stanford,  1977 

Systematic  devutions  of  Nimbus-5  atmospheric  temperature  fields  from  radio- 
sonde data  over  the  winter  Antarctic. 

Austen  et  al.,  1 976 

Satellite  observations  of  planeUry  waves  in  the  mesosphere. 

Austen  ',t  al.,  1977 

Satellite  temperature  measuiementt  in  the  40-90  km  region  by  the  Pressure 
Modulator  Radiometer. 

Barnett,  1973a 

Remote  sounding  of  the  atmosphere. 

Barnett,  1973b 

AnalysU  of  stratospheric  measurementt  by  the  Nimbus  IV  and  V selective 
Choppei  Radiometere. 

Barnett,  1974 

The  mean  meridional  temperature  behaviour  of  the  sUatosphere  from 
November  1970  to  November  1971  derived  from  measurementt  by  the 
Selective  Chopper  Radiometer  on  Nimbus  IV. 

Barnett,  1975a 

Hemispheric  coupling  - evidence  of  a crossHsquatorial  planetary  wave-guide 
in  the  stratosphere. 

Barnett.  1975b 

Large  sudden  warming  in  the  southern  hemisphere. 

Barnett,  1977 

The  Anurctic  atmosphere  as  seen  by  satellites. 
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Some  Published  Studies  Using  Satellite-Derived  Stratospheric  Temperature  Data  (ctHitinued) 


instnunent 

Authors  (Year) 

Title 

SCR.PMR 

(continued) 

Bame*t,  1980 

Satellite  measurements  of  middle  atmosphere  temperature  structure. 

Barnett,  1981 

Middle  atmosphere  climatology. 

Barnett  and  Walihaw.  1972 

Temperature  measurentents  from  a utellite:  AppUcatioiu  and  achievements. 

Barnett  et  al.,  1971 

Stratospheric  warming  observed  by  Nimbus  4. 

Barnett  et  al.,  1972 

The  first  year  of  the  Selective  Oiopper  Radiometer  on  Nimbus  4. 

Barnett  et  al.,  1973 

Stratospheric  observations  from  Nimbus  5. 

Bantett  et  al.,  1975a 

The  temperature  dependence  of  the  ozone  concentraboit  near  the  stratopause. 

Barnett  et  al.,  1975b 

Comparison  between  radiosonde,  rocketsonde  and  satellite  observations  of 
atmoqrheric  temperatures. 

Barnett  el  al.,  1977 

Comparison  between  satellite  radiance  observatiotu  and  those  derived  from  a 
stratospheric  numerical  model. 

Barnett  et  al.,  1978 

Observations  of  the  stratosi^ere  and  mesosphere  from  Nimbus  satellites. 

Brown  and  John,  1979 

Vertical  penetration  of  planetary  waves  into  the  lower  ionosphere. 
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Some  Published  Studies  Using  Satellite-Derived  Stratospheric  Temperature  Data  (continued) 


Instrument  Authors  (Year) 

SCR,  PMR  Chapman  and  McGregor, 

(continued)  1978 

Chapman  and  Miles,  1981 

Chapman  et  al.,  1974 

Chiu.  1975 

Coy  and  Leovy,  1977 

Crane,  1979a 

Crane,  1979b 

Crane  and  Bcmett,  1977 
Crane  et  al.,  1980 
Deland,  1977 


Title 

The  ^pUcaticm  of  comjdex  demodulation  to  meteordogical  satellite  data. 

Ranetary -scale  wave  guides  in  the  tropoephere  and  stratosphere. 

A spectral  analysis  of  global  atmospheric  temperature  fields  observed  by  the 
Selective  Chopper  Radiometer  on  the  Nimbus  4 satellite  during  the  year 
1970-1. 

A self  contained  iterative  algorithm  for  a numerical  solution  to  the 
radiative  transfer  equation. 

A companion  of  midwinter  stratospheric  warmings  in  the  southern  and 
northern  hemispheres. 

AspecU  of  the  energetics  of  the  upper  stratosphere  during  the  January- 
February  1973  major  sudden  wanning. 

Aimual  and  semiannual  waves  in  the  temperature  of  the  mesosphere  as 
deduced  from  Nimbus  6 PMR  measurements. 

Energetics  of  the  upper  stratosphere  during  a sudden  warming. 

Mean  meridional  circulations  of  the  stratosphere  and  mesosphere. 

Evidence  of  downward  propagating  {danetary-scale  waves  in  the  southern 
hemisphere  winter  stratosphere. 


EUisetal.,  1970 


First  results  from  the  Selective  Chopper  Radiometer  on  Nimbus  4. 
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Table  C-6 

Some  Published  Studies  Using  Satellite-Derived  Stratospheric  Temperature  Data  (continued) 


liutnunent 

Authors  (Year) 

Title 

SCR.PMR 

(continued) 

Fraser,  1976 
Fraser  and  Wratt,  1976 

The  covariance  of  temperature  and  ozone  due  to  ]rfanetary-wave  forciiig. 

Experimental  investigations  of  ianospheric/stratospheiic  couf^g  in  aoutbem 
mid-latitudes  - 2.  Comparison  of  mesospheric  electron  densities  and  drifts 
with  stratospheric  temperatures  and  winds. 

Ghazi,  1980c 

Ozone  effects  on  radiative  damping  in  the  strabxiphere. 

Ghazi  and  Barnett,  1980 

Ozone  behaviour  and  stratospheric  thermal  structure  during  southern 
hemisphere  spring. 

Hartmaim,  1976a 

The  dynamical  climatology  of  stratoqihere  in  the  southern  hemisphere 

during  late  winter  1973. 

Hartmarm,  1976b 

The  structure  of  the  stratosphere  in  the  southern  hemisphete  during  late 
winter  1973  as  observed  by  satellite. 

Hartmann,  1976c 

Dynamic  studies  of  the  southern  hemisphere  stratosphere. 

Hartmaim,  1977a 

Comments  on  "Stratoqiheric  long  waves:  Comparison  of  thermal  structure 
in  the  northern  and  southern  heniis)rfieres". 

Hartmarm,  1977b 

On  potential  vorticity  and  transport  in  the  stratosphere. 

Harwood,  I97fi 

The  temperature  structure  of  the  southern  hemisphere  stratosphere: 
August-October  1971. 

Harwood,  1976 

Some  recent  investigations  of  the  upper  atmoqiheie  by  remote  sounding 
satellites. 

STRATOSPHERIC  INSTRUMENTS  AND  ANALYSES 


Some  Published  Studies  Using 


Table  C-6  , . 

Satellite-Derived  SUatospheric  Temperature  DaU  (continued) 


n 

• 

KJ 

Kl 


Instrument 


SCR,  PMR 
(continued) 


Authors  (Year) 

Tide 

Harwood,  1980 

Dynamical  modeU  of  the  middle  atmoapheie  for  tracer  studies. 

Harwood  and  Pyle, 
1975 

A two-dimensional  mean  drculatioa  model  for  the  atmoapheie  below  80  km. 

Harwood  and  Pyle, 
1977 

Studies  of  the  oaooe  budget  using  a looal  mean  drculatioa  model  and 
linearized  photochemistry. 

Harwood  and  Pyle,  1978 

The  fluxes  of  ozone  from  a zonal  mean  drculatioa  modd  of  the 
atmosphere. 

Harwood  and  1^1®,  1980 

The  dynamical  behaviour  of  a two-dimensional  model  of  the 
stratosphere. 

Heasman  and  Crane,  1978 

Determination  of  mesospheric  height  fields  up  to  80  km  from  Nimbus  6 
PMR  measurements. 

ttrou.  1975 

Spectral  analytis  of  planetaiy  warn  in  the  summer  stiatoqihere  and 
mesosphere. 

Hirota.  1976 

varutioa  of  planetary  sraves  in  the  stratosphere  observed 
by  the  Nimbus  S SCR. 

Hirota,  1978 

Equatorial  waves  in  the  upper  stratosphere  and  mesosphere  in  lelatioa  to 
the  semiannual  osciUation  of  the  zonal  wind. 

Hirou,  1979 

Kelvin  waves  in  the  equatorial  middle  atmosphere  observed  by  the 
Nimbus  5 SCR. 
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Table  C-6 

Some  Published  Studies  Using  Satellite-Derived  Stratospheric  Temperature  Data  (continued) 


Instniment 

Authors  (Year) 

Title 

SCR.PMR 

Huou,  1980 

Obaervational  evidence  of  tiie  semiannual  oedUation  in  the  tropical 
middle  atmosphere  - a review. 

Hirota  and  Barnett,  1977 

PlatKtary  waves  in  the  srinter  mesosphere  • preliminaiy  analysis  of 
Nimbus  6 PMR  results. 

Hirouetal..  1973 

Structure  and  behavior  of  the  Akutian  anticyclone  as  revealed  by  meteorologi- 
cal locket  and  utellite  observatioos. 

Houghton.  1972 

Hm  Selective  Oiopper  Radiometer  on  Nimbus  4. 

Houghton  1978 

The  stratosphere  and  mesosptiere. 

Johnson,  1977 

Variations  in  static  stability  in  the  stratosphere  and  lower  mesosphere 
during  a winter  disturbance. 

Johnson  and  Rodenhuis,  1977 

Potential  vortkity  transport  during  a stratospheric  warming. 

Kaiuawa.  1978 

On  the  behaviour  of  mean  zonal  flow  and  planetary  waves  during  the  1973 
sudden  warming  observed  by  the  Mmbus  5 SCR. 

Kanzawa,  1 980 

The  behavior  of  mean  zonal  wind  and  piaoetary-acale  diaturbaiicca  in  the 
troposphere  and  stratosphere  during  the  1973  sudden  watmiDg. 

1 

Kaiuawa  and  Hirota,  1981 

The  behaviour  of  mean  zonal  winds  and  planetary  waves  during  the  1973 
sudden  warming. 

Kothelkov,  1980 

Mean  values  of  meteorologiicat  parariKters  in  the  upper  suatosphere  ,_.rd 
mesosphere  of  the  southern  hemispheTe. 

Labiuke,  1971 

Synoptic-scale  motions  above  the  stratopauae. 
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Table  C-6 

Some  Published  Studies  Using  Satellite-Derived  Stratospheric  Temperature  Data  (continued) 


Iratnunent 

Authors  (Year) 

Title 

SCR.PMR 

(continued) 

Labitzke.  1972s 

Temperature  changes  in  the  mesoaphere  and  ftiatoaphere  connected  with 
circulation  changes  in  winter. 

Ubitzlre.  1972b 

The  interaction  between  lUatosphcre  and  mcMephete  hi  wtater. 

UbiUke,  1974 

The  temperature  in  the  upper  stratoe|dieTe:  DifTereooes  betseeen  heniapiiefes. 

Labitzke,  1976a 

Comparisoo  of  the  stratos|dierk  ttmpeiature  distiibutiOD  over  northern 
and  southern  hemispheies. 

Ubitzke.  1976b 

On  the  uae  of  single  channel  radiances  for  estimating  temperaturea  at 
discrete  pressure  leveb  in  the  upper  stratosphere. 

Labitzke  and  Barnett, 
1973 

Global  time  and  space  changes  of  satellite  radiances  received  from  the 
ftratoqdieie  and  lower  mesosphere. 

Labitzke  and  Bamea, 
1979 

Review  of  climatological  infonnation  ohtaiiKd  from  remote  renting  of 
the  stratoephere  and  mesosphere. 

Labitzke  and  Barnett. 
198! 

Review  of  the  ndience  distribution  in  the  upper  meeoepheic  ■■  obaetved 
from  the  Nbnbus  6 Prcasute  Modulator  Radiometer  (PhUt). 

Leovy  and  Webster,  1976 

Stratoepheric  long  waves:  Comparison  of  thermal  stracture  in  the 
northern  and  eouthem  hemiapheres. 

McGregor  and  Chapman, 
1978 

Observatioas  of  the  annual  and  semi«uiuai  wave  in  the  stiataephere 
uting  Nhnbus  S SCR  data. 

McGregor  and  Chapman,  1979 

Stratoepheric  temperatures  and  geastrophic  winds  during  1973-1974. 
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Some  Published  Studies  Using  Satellite-Derived  Stntaspheric  Temperatuie  Data  (continued) 


Instrument 

Authors  (Yew) 

Title 

SCR.PMR 

(coatinued) 

Noxoo,  1978 

Stratospheric  NO2  hi  the  Antarctic  winter. 

Offermwin  et  al.,  1979 

Atmospheric  temperature  structure  during  the  Western  Eunjpean  winter 
anotnaly  campaign  1975/76. 

Pmu  wid  Rodgers,  1981 

A comparisan  of  5-day  and  2-day  tiasdling  wave  ohaervatians  with  Haugh 
modes  modified  by  meridionat  shear. 

Quiroz,  1978 

The  contribution  of  ateOite  remote  sounding  data  in  stratoapher;  ':  analyris 
and  rcaearcfa. 

Quiroz  etil.,  1975 

A comparisan  of  observed  and  shrrabited  properties  of  sudrlen 
stratospheric  wanniii||. 

Rodgers,  1976 

Evidence  for  the  five-day  wave  in  the  upper  stratoaphere. 

Rodgen,  1977b 

Moipho!  wy  of  oppot  stmoapherc  temperatuics. 

Rodgets  «d  Prata,  1 981 

Evidence  for  e trawribiig  2-day  wave  in  the  midrOe  etmoephere. 

ScliUpp,  1980 

lim«r  tides  in  the  middle  atmoqiheie  frosn  Nfanbus  S data. 

Schlapp,  1981 

lunar  tides  in  the  stiatospheie  and  mesoepheve  from  Nfanbus 6 data. 

Stanford  and  Dunkerton 
1978 

The  character  of  uitra-iaagstiatospheiic  temperetiue  waves  thuing 
the  1973  AuetiM  winter. 

Van  Loon  et  ai..  1972 

Half-yearly  wave  in  the  atratoepheie. 

Venne,  1981 

A 4-day  winter  poUr  itratosphere  temperature  wave:  Obaervatioa  and  theory. 

Webster  et  al.,  1977 

E(  uatorial  waves  in  the  upper  stratoepheie. 
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Some  Pu^Iiimed  Studies  Using  Satellite-Derived  Stratospheric  Temperature  Data  (continued) 


Instnunent 

Authon  (Year) 

Title 

SAMS 

Drummond  et  al.,  1 980 

The  Stratospheric  and  Mesoa|dieric  Sounder  on  Nimbus  7. 

Taylor  et  al..  1981 

Perlbrmance  and  early  results  from  the  Stratoepheric  and  Mesoapherk  Sounder 
(SAMS)  on  Nimbus  7. 

NOAA  DeU  Sets 

Gelman  et  al.,  1980 

All  evaluation  ot  stratospheric  meteorcdoglcal  analyses  using  sateUile  sounder 
and  rocketsonde  data. 

Grom  and  Tuck,  1980 

An  inmtigatiosi  of  the  ability  of  a radiative-photochemical  model  to  reproduce 
the  temporal  variation  of  ozone  and  temperature  in  the  stretoephere. 

Labttzke,  1981 

The  amplification  of  height  wave  1 in  January  1979:  A characterialk 
precondition  for  the  malor  warming  in  February. 

Palmer,  1981a 

DIagnottic  study  of  a wavenumber-2  atratospheric  sudden  sramiing  in  a 
traiuformed  Eulerian-mean  formaliim. 

Palmer,  I98!b 

Aipecto  of  stratospheric  sudden  wanniiigi  studied  from  a transformed 
Eulerian-mean  viewpoint. 

Pick  and  Brownscombe,  1981 

Early  tesulu  baaed  on  the  itratoipheric  channels  of  TOYS  on  the 
TIROS-N  series  of  operational  satellites. 

LRIR 

GUleetal.,  1979 

Middle  atmoephere  proceaaes  revealed  by  letelUle  observatfoas. 

Gilleetal.,  1980c 

Observations  of  the  interaction  of  ottone  and  dynandca. 

Kohri,  1981 

LRIR  observations  of  the  structure  and  propagation  of  the  itationaiy 
planetary  waves  in  the  Northern  Hemisptere  during  December  1975. 

UMS 

GUle  et  al.,  1980a 

Temperature  end  compoaitioa  meaauiementa  from  the  LRIR  and  UMS  experi- 
menli  on  Nimbus  6 and  7. 

GUIe  et  al.,  1980e 

The  limb  Infrared  Monitor  of  the  Stratotphere  (UMS)  experiment: 
Temperature  and  Oj  results. 
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APPENDIX  D 

STRATOSPHERIC  AEROSOLS  AND  PRECURSOR  GASES 

MEASUREMENTS 

The  dati)  base  for  studying  stratospheric  aerosols  is  exceptionally  diverse*  Measurensents  have 
been  made  of  the  aerosol  size,  height  and  geographical  distributions,  their  composition  and 
optical  properties,  and  their  temporal  variation  with  season  and  following  large  volcanic 
eruptions.  Sulfur-bearing  gases  have  been  measured  in  situ  in  the  stratosphere,  wid  studies  of 
the  chemkal  and  physical  processes  which  control  gas-to-partkle  conversion  have  been  carried 
out  in  the  laboratory.  Finally,  the  existing  body  of  scientific  knowledge  which  pertains  to 
stratospheric  chemistry  and  dynamics  can  be  brought  to  bear  on  the  problem  of  stratospheric 
aerosols. 

PRECURSOR  GASES 

The  first  measurements  of  stratospheric  SO2  concentrations  were  made  by  laeschke  et  ai*  (1976), 
who  extended  their  technique  (collection  by  means  of  a wet  chemical  filter  with  subsequent 
chemiluminescent  analysis)  to  heights  just  above  the  tropopause.  Ktore  recent  efforts  using  ckry 
filters  and  chemiluminescent  analysis  have  obtained  data  to  about  15  km,  yielding  :s02  mixing 
fractions  in  the  range  0.01  to  0.1  ppbv  with  a mean  value  of  about  0.0$  ppbv  above  6 km 
(Georgii  and  Meixner,  1960).  The  uncertainty  in  these  measurements  is  probably  a factor  of  two. 

Inn  et  at.  (14t)la)  trapped  sulfur  gases  cryogenically  during  U-2  aircraft  flights  and  analyzed  the 
samples  by  means  of  ps  chromatography  using  a flame  photometric  detettor.  They  were  thus 
able  to  extend  tlie  SO2  observations  up  to  21  km.  The  results  obtained  are  similar  to  those 
reported  by'  Georgii  and  KAeixner  (1980),  namely  0.036  to  0.051  ppbv  SO2  throughout  the  lower 
stratosphere.  The  principal  uncertainties  in  the  Inn  et  al.  data  arise  in  the  collection  process 
rather  than  the  laboratory  analysis.  The  uncertainties  include  errors  in  the  total  sample  volume;, 
the  crvogenic  collection  efficiency  for  the  gases  in  question,  and  the  accuracy  of  the  transfer  of 
the  sample  to  the  chromatograph.  The  estimated  errors  are  ±50%  for  SO2  and  ±20%  for  COS, 

Earlier,  Sagawa  and  ttoh  (1977)  used  a mass  spectrometer  to  detect  stratospheric  SO^  but 
obtained  unrealistically  high  concentrations  of  30  ppmv.  $02  can  also  be  detected  through  its 
near-ultraviolet  absorption  band,  but  experiments  to  do  so  in  the  stratosphere  tiave  not  yet  been 
perfected.  Inn  et  al.  (1961b),  measured  SO2  mixing  ratios  on  the  order  of  100  ^b  at  14  km  in 
the  eruption  plume  of  Mount  St.  Helens  about  one  day  after  the  May  18,  198^  eruption. 

Inn  et  al.  (1979,  1981a)  measured  COS  in  the  stratosphere,  finding  about  0.3  to  0.5  ppbv  at 
altitudes  ~>15  km  (just  above  the  tropopause)  and  rapidly  decreasing  concentrations  with  height 
above  15  km.  The  stratospheric  values  are  consistent  with  tropospheric  measurements  made 
during  the  GAMETAG  program  (Maroulis  et  al*,  1977;  Torres  et  al.,  1980).  The  in  situ  measure- 
ments  vire  shown  in  Figure  1-6.  Mankin  et  al.  (1979)  measured  the  stratospheric  column 
abundance  of  COS,  and  found  it  to  agree  with  the  in  situ  observation  and  to  show  little  variation 
with  season  or  latitude. 

Inn  et  al.  (1961a)  attempted  to  detect  CS2  in  the  stratosphere,  but  were  not  able  to  identify  it 
definitely.  A small  feature  in  their  gas  chromatograms  may  have  indicated  the  presence  of  CS2  at 
abundances  of  about  0.001  ppbv  just  above  the  tropopause.  Maroulis  and  dandy  (1980)  measured 
only  -SO  pptv  of  CS2  in  air  near  the  surface  far  from  sources  of  pollution.  This  concentration  is 
too  small  to  make  CS2  of  any  direct  significance  to  the  stratosphere. 


D-1 


D-2 


THE  STRATOSPHERE  1961:  THEORY  AND  MEASUREMENTS 


Stratospheric  H2SO4  coocerrtratiorrs  have  recently  been  deduced  using  measurements  of  strato** 
spheric  negative  ion  mass  spectra  coupled  with  laboratory  rate  coefficients  for  H2SO4  ion- 
motecule  reactions  (Arnold  and  Fabian,  1960;  Arnold  et  aU,  1961;  Viggiano  Mti  Arnold,  1961; 
Arijs  et  al.,  1961).  The  results  generally  indicate  H29O4  concentrations  of  about  lO^m^  below  27 
kn\  increasing  rapidly  to  ‘^lO^cm^  near  34  km,  thm  perhaps  declining  again  above  34  km*  The 
rapid  increase  between  27  and  34  km  S4>pears  to  follow  a characteristic  H29O4  vapor  pressure 
curve  (Arnold  et  al.,  1961). 

The  uncertainties  in  the  ion  technique  lie  in  two  general  areas;  first,  the  uncertainties  in  the 
measured  ion  cluster  concentratbns  because  the  ions  are  sul^ect  to  breakup  in  the  mass 
spectrometer  inlet,  and  second,  the  uncertainties  in  the  ion  chemistry  rate  oiefficient  end 
equilibrium  constants.  In  view  of  these  factors,  an  uncertainty  in  the  H2SU4  conc^tration  of  a 
factor  of  two  to  three  is  possible. 

Arnold  and  Henschen  (1961)  detected  massive  ion  clusters  comprised  of  H2^4,  H2O,  HNO3  and 
other  stratospheric  gases,  and  suggested  thig  these  may  play  a role  as  aerosol  'precondensation' 
nuclei.  Research  into  the  possible  connections  between  stratospheric  ions  and  aerosols  is 
continuing. 

AEROSOL  MEASUREMENTS 

lunge  et  id.  (1961),  in  their  earliest  work,  used  cascase  impacters  «id  gummed  ^ass  slides  to 
collect  stratospheric  aerosols,  with  balloons  as  the  instrumental  platform.  A U-2  aircraft  was 
later  employed  (lunge  and  Manson,  1961).  Particle  siie  distributions  were  determined  for 
altitudes  from  12  to  21  km  by  visual  analysis  of  electron  micrographs  of  collection  surfaces. 
Chemical  analysis  of  the  samples  revealed  that  the  particles  contained  sulfur  as  a major 
constituent. 

Farlow  and  coworkers  (1979),  wid  Ferry  and  Lem  (1974)  collected  particles  on  carbon-coated 
palladium  wires  mounted  below  the  wing  of  a U-2  aircraft.  The  wires  were  examined  with  a 
scanning  electron  microscope  to  obtain  size  distributions  and  absolute  particle  concentrations. 
Initial  analyses  of  aerosol  composition  revealed  nitrosyl  and  ammonium  sulfates  (Farlow  et  al., 
1977,  1%^b).  However,  after  inodifying  the  instru'nent  to  protect  the  samples  from  exposure  to 
the  atmosphere  after  collection,  no  ammonium  sulfate  was  detected.  Apparently,  ammonia  was 
absorbed  by  the  aerosols  in  the  lower  atmosphere  after  collection  (Hayes  et  al.,  1960).  Impactors 
have  also  been  empbyed  to  study  stratospheric  aerosols  by  Mossop  (1965),  bigg  (1975,  1976), 
Gras  and  Laby  (1978),  and  Gras  and  Michael  (1979). 

A large  number  of  aerosol  filter  samples  have  been  collected  and  analyzed  fur  composition.  This 
work  is  described  in  papers  by  Shedlovsky  and  Paisley  (1966),  Lazrus  et  al.  (1971),  Lazrus  and 
Gandrud  (1974a,  1977),  Castlemm  et  al.  (1974),  Delaney  et  al.  (1974)  and  Lezberg  et  al.  (1979). 
Castleman  et  al.  (1974)  studied  isotopic  sulfur  ratios  (S^/S^X  >nd  provided  direct  evidence  of 
the  in  situ  chemical  origin  of  the  sulfate  aserosols. 

Rosen  (1961)  developed  an  in  situ  optical  detector  for  particles  based  on  the  light -scattering 
characteristics  of  aerosols  in  the  size  ranges  _^.1S  pm  and  ^^.25  pm  radius.  Optical  systems 
hav<>  also  been  used  by  Miranda  and  Fenn  (1974),  Kaselau  et  al.  (1974)  and  Podzimek  et  al. 
(1975).  The  optical  counters  are  often  used  in  tandem  with  a condensatioir  chamber  to  determine 
the  background  condensation  nuclei  abundance.  Rosen  (1971)  also  evaporated  stratospheric 
aerosols  in  situ  and  noted  that  their  boiling  point  is  consistent  with  a 75%  rl2''^4  aQocous 
solution  (Toon  and  Pollack,  1973). 
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In  addition  to  in  situ  sampling  of  the  aerosol  layer,  much  data  on  stratospheric  characteristics 
have  been  obtained  with  remote  s«t$ing  by  ground-  and  aircraft-based  optici^  radar  (lidar) 
systems*  The  Ildar  data  (aerosol  backscatter)  are  used  to  detect  the  spatial  temporal  variations  in 
the  layer  and  to  deduce  aerosol  properties  such  as  reported  by  McCormick  et  ai*  (1976),  Fox  et 
ai*  (1973),  and  Fiocco  and  Grams  (19M).  Recently,  another  remote  technique  has  been  developed 
which  promises  a global  measurement  capability,  in  this,  satellite  instruments  are  used  to 
observe  the  attenuation  due  to  atmospheric  aerosols  during  spacecraft  sunrise  and  sunset*  The 
first  such  experiment  was  carried  out  during  the  Apoilo-Soyuz  program  in  197S  (Pepin  et  al*, 
1977)  using  a simple  photom^er  which  the  astronauts  pointed  at  the  Sun*  The  more  recent  SAM 
II  and  SAGE  unmanned  satellite  experiments  were  developed  specifically  to  monitor  stratospheric 
aerosols  by  this  technique  with  an  automated  acquisition  system  to  provide  continuous 
global-scale  monitoring  of  the  aerosols  (McCormidc  et  al.,  1S79). 

Figure  D-1  illustrates  the  global  distribution  of  aerosol  extinction  as  determined  from  the  SAGE 
satellite  for  the  month  of  April  1979  (McCormidc,  1961a).  The  stratospheric  layer  is  seen  to  follow 
the  tropopause  (dash-dot  line)  with  latitude  with  the  layer  peak  at  Mgher  altitudes  in  the 
tropics*  The  mixing  ratio  is  likewise  the  highest  over  equatorial  latitudes  suggesting  a source 
region  for  the  layer*  The  high  values  of  extinction  below  the  tropopause  are  due  to  tropospheric 
cbuds.  Such  extinction  rnaps  ate  useful  for  climate  and  radiation  studies  and  to  determine  the 
source  and  sink  regions  for  stratospheric  aerosols*  Figure  D-2  presents  the  extinction  for 
the  May  16,  1980  Mount  St.  Helens  eruption  cloud  (McCormick,  1981a)*  The  data  are  zonally 
averaged  for  the  month  of  luly  and  half  of  August*  Interestingly,  the  satellite  data  indicate 
significant  aerosol  opacities  at  high  northern  latitudes,  with  little  apparent  effect  of  the  volcano 
at  low  latitudes*  The  new  satellite  data,  as  with  earlier  analyses  of  global  aerosol  distribution 
(e*g*,  Lazrus  and  Gandrud,  1974a;  Hofmann  et  al*,  197Sa;  Rosen  et  al*,  1975;  F.irlow  et  al*,  1979; 
Oberbeck  et  al*,  1981),  will  prove  useful  in  studies  of  stratospheric  transport  process, 
stratosphere/troposphere  exchange  and  stratospheric  variabilib,  * 


LATITUDE 

Figure  D-1 . Global  distribution  of  aerosol  extinction  obtained  with  the  SAGE  satellite.  The  units  are  10'^/km. 
Data  are  zonally  averaged  values  for  April,  1879  (McCormick,  1981a) 
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Figure  D-2.  SAGE  extinction  measurements  (zonal  mean)  for  July  1-August  12,  1980.  2 to  3 months  following 
the  Motjnt  St.  Helens  eruption  on  May  18,  1980  (McCormick,  1981a) 


McCormick  et  al.  (1978)  and  Swissler  et  al.  (1981)  made  a series  of  lidar  observations  of  the 
aerosol  layer  following  the  Fuego  volcanic  eruption  in  October  1974,  The  observed  'e-folding' 
decay  times  of  the  vertically  integrated  particulate  opacity,  and  the  peak  ratio  of  particulate-to- 
gaseous  backscattering,  were  9 and  7 S months,  respectively.  The  short  lifetimes  are  evidently 
the  result  of  the  low  altitude  of  injecv.on  of  the  volcanic  particles,  and  their  larger  mean  size 
compared  to  the  ambient  aerosols.  In  addition  to  particles,  measurements  indicate  that  volcarK>s 
can  also  in)ect  substantial  amounts  of  sulfur  gases,  particularly  SO2  and  chlorine  and  water 
vapor  directly  into  the  stratosphere  (Inn  et  al.,  1981b). 

NACREOUS CLOUDS 

Nacreous  clouds  are  observed  only  during  the  winter  months  and  are  quite  rare,  being  reported 
on  the  average  only  a few  times  per  year  during  the  previous  century  (Stanford  and  Davis,  1974). 
Stanford  (1973)  pointed  out  that  temperatures  in  the  Antarctic  stratosphere  are  commonly  as  bw 
as  183  K so  that  much  more  persistent  clouds  might  be  expected  there.  During  the  winters  of 
196U  and  19S1  persistent  widespread  stratospheric  clouds  were  observed  in  Antarctica.  These 
clouds,  which  were  optically  thin  and  did  not  noticeably  extinguish  starlight,  were  observable 
only  under  the  proper  twilight  conditions. 

Recently  the  SAM  II  satellite  has  detected  dense,  persistent,  high  altitude  particle  layers  over 
Antarctica  that  are  probably  nacreous  clouds.  Figure  D-3  shows  a year  of  Antarctic  SAM  II  data 
averaged  weekly  and  the  corresponding  temperature  fields  which  are  also  weekly  averaged  over 
the  same  geographical  location  as  the  SAM  II  measurements  (McCormick  et  al.,  1981).  The  clouds 
are  persistent  in  the  wintertime  (McCormick,  1982)  and  are  thought  to  be  composed  of  ice 
crystals  from  freezing  of  tlie  sulfuric  acid  aerosol  and  subsequent  growth  (Hamill  et  al.,  1980). 
The  locations  of  the  clouds  correspond  closely  with  regions  of  very  low  temperature.  The  clouds 
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persist  throughout  the  winter  period.  If  the  preliminary  satelilte  data  are  correct,  these 
stratospheric  douds  ma^  be  far  more  common  than  was  previously  thought.  Accordingly,  a 
careful  evaluation  of  the  role  of  the  douds  in  the  high-latitude  radiation  balance  and  in  the 
stratospheric  water  vapor  budget  is  warranted  (Hardll  ^ al.,  I960).  The  conn\.ction  of  the 
clouds  with  stratospheric  aerosols  also  requires  investigation  (Toon  and  Farlow,  1961). 
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Figure  D-3.  SAM-lt  satellite  observations  over  tne  Antarctic  (McCormick  et  al.,  1861 1 panel  (1 ),  shows  the 
latitude  of  observation  versus  time.  The  middle  panel  meteorological  network  temperatures. 


COMPARISON  OF  THEORY  AND  MEASUREMENTS 


Theoretkai  models  of  the  stratospheric  aerosol  layer  must  treat  a wide  spectrum  of  physical  and 
chcmkal  processes  in  order  to  describe  accurately  the  formation  and  evolution  of  the  particles. 
Only  then  can  meaningful  comparisons  with  data  be  made.  Below,  the  current  state-of-the-art 
model  predictions  of  high-altitude  particles  are  compared  with  observations. 
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AEROSOL  PRECURSOR  OASES 

□•tailed  studies  have  been  made  of  the  tropospheric  COS  cycle  and  the  stratospheric  sulfur 
balance  during  volcanically  quiescent  times  (e.g.,  Turco  et  ai.«  1960a,b).  Figure  D-4  illustrates 
the  estimated  flow  sulfur  into  and  out  of  the  stratosphere*  The  CS2  flux  may  be  greatly  over- 
estimated In  Figure  D-4  because  recent  CS2  measurements  indicate  very  low  baci^round 
concentrations  above  the  boundary  layer  (Maroulis  and  Bandy,  1960).  Thus,  COS  appears  to  be 
the  dominant  sulfur  source  for  the  stratospheric  aerosol  layer  during  periods  of  low  volcanic 
activity,  as  originally  proposed  by  Crutxen  (1976).  Sulfuric  acid  aerosols  which  diffuse  above 
->30  km  are  thermodynamically  unstable,  and  evaporate*  This  explains  the  downward  flux  of 
H2SO4  seen  at  these  altitudes  in  Figure  0-4*  Predicted  concentration  profiles  of  sulfur  gases  in 
the  troposphere  ar.d  stratosphere  are  compared  with  observations  in  Figure  D-5*  Notice  that  COS 
is  the  predominant  sulfur-bearing  constituent  in  the  atmosphere  of  the  Earth.  The  concentration 
curves  marked  '312.5  nm'  in  Figure  D-5  roughly  correspond  to  the  flux  curves  given  in  Figure 
D-4.  Using  a combination  of  SO2,  COS  and  sulfate  aerosol  data,  Turco  et  ai.  (1961d)  deduced 
that  stratospheric  HO  concentrations  are  lower  than  photochemical  ozone  n>odels  predicted  (in 
1960),  Such  results  demonstrate  that  aerosols  are  closely  coupled  with  the  major  photochemical 
cycles  of  the  stratosphere. 


Sulfur  flux  (tg  S/yr-globa) 

0.0Q0I  0.001  aoi  0.1 


Figure  D-4. 


The  balance  of  stratospheric  sulfur  gases  and  sulfate  aerosols  in  a one-dimensional  modt'.. 
Equivalent  sulfur-atom  fluxes  are  given.  The  arrows  indicate  dire  tion  of  sulfur  flow  (Turco  et  ai 


1980a). 
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Conc«ntraiion  (pptv) 


Figure  D-5.  Calculated  and  observed  SO2  «nd  COS  concentrations  in  the  stratosphere.  The  curvet  marked 
312.5  nm  and  350  nm  refer  to  the  assumed  long-wavelength  cutoff  for  photodissociation 
(Turco  et  al.,  1981c). 


Sulfuric  acid  vapor  concentrations  are  difficult  to  calculate  because  they  are  controlled  by 
heterogeneous  processes.  Figure  D-6  shows  several  profiles  calculated  with  an  interactive  H2SO4 
solution/H2SO^'‘vapor  model  (Turco  et  al.,  1981a).  The  first  reliable  H2SO4  measurements  are  also 
shown  in  Figure  D-6.  The  calculated  profiles  ate  in  excellent  accord  with  the  observations 
between  23  and  33  km  (Arnold  et  al.,  1981;  Viggiano  et  al.,  1%1).  The  data  appear  to  support 
the  idea  that  the  aerosols  are  volatile  H2^4/H20  droplets  below  --34  km. 

Meteoric  metal  profiles  are  also  shown  in  Figure  D-6  (Turco  et  al.,  1961a).  These  results  indicate 
that  heterogeneous  processes  remove  the  meteoric  rnetal  vapors  at  the  uppermost  extent  of  the 
aerosol  layer.  Thus,  the  metals  cannot  interact  significantly  with  the  other  reaction  cycles  of  the 
stratosphere;  in  the  condensed  state,  metal  sulfates  are  extremely  stable  confounds. 

AEROSOL  PROPERTIES 

The  measured  properties  of  the  stratospheric  aerosols  obtair>ed  with  a variety  of  field 
instruments  provide  strict  constraints  on  model  predictions.  Toon  et  al.  (1979)  made  extensive 
comparisons  between  model  calculations  and  in  situ  observations  for  a variety  of  parameters, 
including  the  total  particle  mixing  ratio,  the  sulfate  mass  mixing  ratio,  the  large  particle 
(r  >0.15  um)  mixing  ratio,  the  particle  size  ratio  (number  >0.15  ym/number  >0.25  ym),  and  the 
particle  composition  and  size  distribution.  Th^  found  generally  good  agreement  in  each  case. 
Measurements  of  the  total  particle  concentration  obtained  with  present-day  condensation  nuclei 
counters  are  probably  limited  to  particle  sizes  >0.01  ym  radius.  In  Figure  D-7  typical 
observational  values  are  compared  with  model  calculations  (Hamill  et  al.  1981).  The  comparison 
suggests  that  marry  of  the  aerosols  detected  in  the  lower  stratosphere  may  be  generated  in  the 
upper  troposphere,  possibly  by  homogeneous  nucieation. 
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Figure  0-6  Predicted  stratotpheric  distributions  of  H2SO4  vapor  and  matatlic  meteoric  vapors 
(Turcoetal.,  198ta). 


Figure  D-7.  Total  aerosol  particle  concentrations  in  the  lower  stratoaphere  (La.,  particles  with  radii  >0.01  urn). 

Modal  predictiont  (lines)  are  compared  with  data:  the  ptPdMaMPa  ware  made  with  different  aerosol 
nueleation  sources  (Hamill  et  ai.,  1981). 
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Figure  D-8  contrasts  calculated  and  observed  sulfate  rnass  mixing  ratios  in  the  stratosphere. 
Considering  the  variability  of  the  measurements,  the  model  calculations  provide  a reasonable  fit 
to  the  data.  The  continual  influx  of  extraterrestrial  (meteoric)  debris  has  a small,  but 
perceptible,  effect  on  the  aerosol  mass  (Figure  D-8).  Note  that,  at  high  altitudes  (above  ~35  km), 
sulfuric  acid  vapor  contributes  substantially  to  the  total  sulfate  mass;  above  35  km,  H2SO^  vapor 
is  dominant  sulfate  compound  (notwithstanding  possible  absorption  and  r>eutralization  of  H2SO4 
on  meteoritic  particles  (Tuico  et  al.,  1981a). 

Calculated  and  observed  aerosol  particle  size  ratios  are  illustrated  in  Figure  D-9.  The  ratio 
typically  has  values  -^4  to  6 below  25  km.  Above  25  km,  the  behavior  of  the  size  ratio  is 
uncertain.  The  measurements  of  Hofmann  and  Rosen  (1981a)  suggest  a rapidly  increasing  ratio 
with  height,  but  the  scatter  and  uncertainty  in  the  data  at  these  altitudes  preclude  a firm 
conclusion.  The  theoretical  simulations  of  Turco  et  al.  (1981a)  show  a sharp  increase  in  the  size 
ratio  above  35  km  in  a model  assuming  pure  sulfuric  acid  droplets,  because  the  droplets 
evaporate  rapidly  above  35  km.  This  point  of  view  (i.e.,  volatile  aerosols  up  to  35  km)  is 
supported  by  recent  measurements  of  the  H2SO4  vapor  profile  (Arnold  et  al.,  1981).  On  the 
other  hand,  Turco  et  al.  (1981a)  noted  that,  if  the  aerosols  are  nonvolatile,  a steady  increase  in 
the  size  ratio  begins  near  25  km  (where  sedimentation  overwhelms  diffusion),  which  is  in  close 
agreement  with  the  data  of  Hofnvmn  and  Rosen  (1981)  (See  Figure  D-9). 

Measurements  suggest  that  the  composition  of  the  stratospheric  aerosols  is  basically  75%  sulfuric 
acid  aqueous  solution  (Rosen,  1971)  with  an  admixture  of  solid  granules  and  dissolved  nitrosyl 
sulfates  (Farlow  et  al.,  1977,  1978).  The  mode!  of  Turco  et  al.  (1979)  predicts  a slightly  variable 
add  composition  with  height  of  between  to  78%  H2SO^  by  weight,  and  a small  (<10%) 
concentration  of  extraterrestrial  material  in  the  aerosols  (1  urco  et  al.,  1981a). 

The  meteoric  dust  size  distribution  below  -0.1  m radius  is  dominated  by  coagulated  smoke 
particles  (Hunten  et  al.,  1980).  Above  -0.1  urn,  micrometeorites  (which  do  not  ablate  completely 
upon  entering  the  atmosphere)  determine  the  size  distribution.  Predicted  meteoric  particle  sizes 
fit  the  current  meager  data  base  on  meteoric  dust  (Brownlee,  1978). 

Detailed  microphysical  models  of  volcanic  cloud  formation  and  dispersion  are  presently  under 
development  (e.g.,  Turco  et  al.,  1981b).  These  models  will  complement  observational  studies  of 
volcanic  aerosols  and  climate. 

CONCLUSIONS 


Tlie  rnajor  conclusions  regarding  observations  and  modeling  of  stratospheric  aerosols  may  be 
summarized  as  follows: 

• A broad  base  of  data  exists  which  describes  the  properties  of  stratospheric  aerosols 
including  their  concentrations,  spatial  distributions,  temporal  variations,  size  dispersion,  and 
composition.  The  global  climatology  is  just  now  emerging,  especially  from  the  satellite 
experiments.  Less  information  is  available  for  the  sulfur  precursor  gases  (e.g.,  their 
abundances  and  photochemical  reactions),  but  here  also  the  data  base  has  been  rapidly 
expanding  in  the  past  few  years. 


ALTITUDE  (KMI 
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MASS  MIXING  RATIO  (pG/KG  AIR) 


Figure  D-8.  Particulate  mass  mixing  ratios  calculated  with  and  without  meteoric  dust.  The  corresponding 

SO^  mass  mixing  ratios  are  shown,  and  are  compared  to  the  data  of  Lazrus  and  Gandrud  (1974a, 
1977).  The  Lazrus  and  Gandrud  (1974a)  measuremenu  were  made  in  Spring  1973  in  the  Northern 
Hemisphere.  Data  points  correspond  roughly  to  average  values  at  a fixed  elevation  with  respect  to 
the  mean  tropopause  level.  The  range  of  individual  measurements  is  indicated  by  a cross  bar.  The 
Lazrus  and  Gandrud  ( 1977)  SO^  data  points  represent  average  values  of  measurements  made  during 
1976,  with  one  standard  deviation  indicated  by  a cross  bar.  Average  Spring  1976  data,  more  appro 
priate  for  comparison  with  the  model,  are  plotted  as  well  (standard  deviations  for  these  points  were 
not  published).  The  1976  measurements  may  have  been  influenced  to  some  extent  by  the  eruption 
of  Volcano  Fuego  (14.5  degrees  N)  in  October  1974  (Turcoet  al.,  1981a). 


ALTITUDE  (KM) 
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CONCENTRATION  RATIO  Of  PARTICLES  WITH  RADII  > 0.15  TO 
THOSE  WITH  RADII  > 0.25  pM 


Figure  D-9.  Particle  size  ratios  calculated  with  and  without  meteoric  dust.  For  comparison,  the  measurements 
of  Pinnick  et  al.  (1976)  made  worldwide  between  1971  and  1974,  and  Hofmann  and  Rosen  (1981) 
taken  at  Laramie,  Wyoming,  during  1978  and  1979,  are  shown.  In  each  case,  an  average  value  and  the 
range  of  individual  measurements  are  given.  The  observations  of  Hofmann  and  Rosen  are  most 
appropriate  for  the  background  aerosol  layer  in  the  absence  of  volcanic  activity  (Turco  et  al., 

1981a). 


D-12 


THE  STRATOSPHERE  1981:  THEORY  AND  MEASUREMENTS 


• Comprehensi^  physicochemicii  models  of  the  aerosols  available.  Ih~’se  models 
incorporate  appropriate  particle  microphysical  processes  such  as  nucleation,  coiiCi'en*ation^ 
CO  agulation^  and  sedimentMion.  To  be  most  useful,  chetr^cal  proMSses  must  also  be  treated 
* interactively*  in  these  simulations. 

• Model  predictions  for  the  aerosols  and  precursor  gases  compare  favorably  with  observational 
data  in  nmst  important  respects.  Areas  requiring  further  investigation  include  the  aerosol 
size  cSstribution  below  0.05  m radius,  the  height  extent  of  the  aerosol  layer,  and  the  rates 
of  SO2  0)ddation  under  stratospheric  conditions. 

e Intensive  experinental  and  theoretical  studies  will  be  required  in  the  future  to  determine: 

-'The  nucieation  source  of  the  aerosols. 

— The  processes  influencing  the  global  distribution  of  the  aerosols. 

—The  precise  concentrations  and  chemical  inter^rtion  rates  of  aerosol  precursor  gases. 

— The  physicochemical  development  and  disposition  of  volcanic  eruption  clouds. 

—The  mechanisms  coupling  aerosols  and  climate. 

—The  importance  of  heterogeneous  reactions  to  stratospheric  composition. 

—The  physical  connections  between  dust,  aerosols  and  ions  throughout  the  middle 
atnmsphere. 
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CHEMICAL  FORMULAE  AND  NOMENCLATURE 


SYMBOL 

NAME 

CFC 

chlorofluorcarbon 

HC 

Hydrocarbon 

NMHC 

non-nethan«  hydrocarbons 

PAN 

peroxyacetyl  nitrate 

0 

atomic  oxygen 

02 

molecular  oxygen 

O3 

OZOrK! 

N2O 

nitrous  oxide 

NO 

nitric  oxide 

NO2 

nitrogen  dioxide 

NO3 

nitrogen  trioxide 

N2O5 

nitrogen  pentoxide 

HNO3,  HONO2 

nitric  acid 

HNO4,  HO2NO2 

peroxynitric  acid 

NH3 

ammonia 

H2O 

water  vapor 

H2O2 

hydrogen  peroxide 

HO 

hydroxyl  radical 

HO2 

hydroperoxyl  radical 

CO 

carlx>n  monoxide 

CO2 

carbon  dioxide 

CS2 

carbon  disulfide 

COS 

carbonyl  sulfide 

S02 

sulfur  dioxide 

SFe 

sulfur  hexafluoride 
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H2SO4 

HF 

HCI 

HOCI 

Ck) 

CIONO2 

CH4 

C2H6 

C2H4 

C2H2 

CH2O 

CH3CHO 

(CH3)2C0 

CH3O2M 

CH2CHCHO 

CCI4 

C2CI4 

CF3CI 

CHjCl2 

CHCI3 

CH3CCI3 

CF4 

C2^6 

CCI3F 

CCI2F2 


sulfuric  acid 

hydrogen  fluoride 

hydrogen  chloride 

hypochlorous  acid 

chlorine  oxide 

chlorine  nitrate 

methane 

ethane 

propane 

ethylene 

acetylene 

formaldehyde 

acetaldehyde 

acetone 

methyl  peroxide 
acrolein 

carbon  t<;trachloride 

tet  rac  hloroet  hy  lene 

methyl  chloride 

ethylene  dichloride 

chloroform 

methyl  chloroform 

tet  raf  I ucromet  hane 

hexaf  luoroet  hane 

trichlorofluoromethane  (FC-11) 

dichlorodifluoromethane  (FC-12) 


CHEMICAL  FORMULAE  AND  NOMB^CLATURE 


F-3 


CHCI2F 

dichlorofluoromcthane  (FC-21) 

CHCIF2 

chtorcdtfluoromethane  (FC-22) 

CCI2FCCIF2 

trichlorotrifluoroethane  (FC-113) 

CC1F2CCIF2 

(Nchlorotetrafluoroethane  (FC-114) 

CCIFjCFj 

chloropentafluoroethane  (FC*11S) 

CH3I 

methyl  Iodide 

CBrFj 

trifluorobromomethane 

APPENDIX  G 


PRESSURE^LTITUDE  CONVERSION  CHART 

PRESSURE-ALTITUDE 


ALTITUDE  PRESSURE  UMKEHR  ALTITUDE  PRESSURE 

KM  MBAR  LEVEL  KM  MBAR 


ALTITUDES  ARE  BASED  ON  U S STANDARD  ATMOSPHERE,  1976.  THE  ACTUAL  ALTITUDE  FOR  A GIVEN 
PRESSURE  MAY  DIFFER  BY  AS  MUCH  AS  2 KM.  DEPENDING  ON  SEASON,  LATITl'DE,  AND  SHORT  TERM 
VARIATIONS. 
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APPENDIX  H 


ACRONYMS 


Units,  Instruments,  Sanltitas,  and  Proyims 


AE 

AEM 

BMLS 

BSU 

BUV 

CIAP 

DMSP 

DU 

ECC 

ERBS 

CARP 

GATE 

GCM 

GMCC 

GOES 

HALOE 

HAPP 

HIRS 

lORI 
IRIS 
ITCZ 
ITOS 
IT  PR 

LHR 

LIMS 

LRIR 

MFR 

MM 

MST 

MSU 

MUSE 

NOPS 

OAO 

OGO 

OSO 

PEPSIOS 

PMR 


Atmosphere  Explorer 
Applications  Explorer  Mission 

Balloon-borne  Microwave  Limb  Sounder 

Basic  Sounding  Unit 

Backscattered  Ultraviolet  Spectrometer 


Climatic  lnq)act  Assessment  Program 

Defense  Meteorological  Satellite  Pr<wam 

Dobson  Unit=milllatm-cm=2.687x10*^  molecules  cm”2 


Electrochemical  cell  (ozone  sonde) 

Earth  Radiation  Budget  Satellite 

Global  Atmospheric  Research  Program 

GARP  Atlantic  Tropical  Experiment 

General  Circulation  Model 

Geophysical  Monitoring  for  Climatic  Change 

Geosynchronous  Operational  Environmental  Satellite 

Halogen  Occultation  Experiment 
High  Altitude  Pollution  Program 
High  Resolution  Infrared  Radiation  Sounder 

International  Ozone  Rocket  I ntercomparison 
Infrared  Interferometer  Spectrometer 
I ntertropical  Convergence  Zone 
Improved  TIROS  Operational  Satellite 
Infrared  Temperature  Profile  Radiometer 

Laser  Heterodyne  Radiometer 

Limb  Infrared  Monitor  of  the  Stratosphere 

Limb  Radiance  Inversion  Radiometer 

Multichannel  Filter  Radiometer 
Mechanistic  Model 

Mesosphere^  Stratosphere,  Troposphere  (radar) 
Microwave  Sounding  Unit 
Monitor  of  Ultraviolet  Solar  Energy 

Nimbus  Operational  Processing  System 

Orbiting  Astronomical  Observatory 
Orbiting  Geophysical  Observatory 
Orbiting  Solar  Observatory 

Poly-Etalon  Pressure  Scanned  interferometer 
Pressure  Modulated  Radiometer 
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SAGE 

Stratospheric  Aerosol  and  Gas  Experiment 

SAM  M 

Stratospheric  Aerosol  Measurement  II 

SAMS 

Stratospheric  and  Mesospheric  Sounder 

SBUV 

Solar  and  Rack  scattered  Ultraviolet  Spectrometer 

SCR 

Selective  Chopper  Radiotneter 

SIRS 

Satellite  Infrared  Spectrometer 

SME 

Solar  Mesosphere  Explorer 

SSH 

Special  Sensor  H (also  called  MFR) 

SSI 

Supersonic  Transport 

SSU 

Stratospheric  Sounding  Unit 

I'ROS 

Television  and  Infrared  Observation  Satellite 

TOMS 

Total  Oione  Mapping  System 

TOVS 

1 IROS  Operational  Vertical  Sounder 

LIARS 

Upper  Atmosphere  Research  Satellite 

VTPR 

Vertical  Temperature  Profile  Radiometer 

ACRONYMS 


H-3 


Institutions 

AER,  Inc.  Atmospheric  and  Environmental  Research,  Incorporated 

872  Massachusetts  Avenue 
Cambridge,  Massachusetts  02139  USA 

AERE  Harwell  Atomic  Energy  Research  Establishment  Harwell 
Oxfordshire  0X1 1 ORA,  United  Kingdom 

AES  Atmospheric  Environment  Service 

4905  Dufferin  Street 
Downsview,  Ontario  M3H  ST4,  Canada 

AIAA  American  Institutf*  of  Aeronautics  and  Astronautics,  Inc. 

Technical  informution  Service 
555  West  57th  Street 
New  York,  New  York  10019  USA 

ARC  Ames  Research  Center 

Moffett  Field,  California  94035  USA 

ASL  Atmospheric  Sciences  Laboratory 

White  Sands  Missile  Range 
New  Mexico,  88002  USA 

BMO  Meteorological  Office 

London  Road 

Bracknell,  Berkshire  RC12  2SZ,  United  Kingdom 

CMA  Chemical  Manufacturers  Association 

2501  M Street,  N.W. 

Washington,  D.C.  20037  USA 

CNRS  Center  National  de  la  Recherche  Scientifique 

91370  Verrieres  le  Buisson,  France 

COOAT  A Committee  on  Data  for  Science  and  Technology 

51  Boulevard  de  Montmorency 
Paris,  France 

COMESA  Comnxttee  on  Meteorological  Effects  of  Stratospheric  Aircraft 

Meteorological  Office 
Bracknell,  United  Kingdom 

CSIRO  Commonwealth  Scientific  and  Industrial  Research  Organization 

Australia 

DoO  Department  of  Defense  (USA) 

dot  Department  of  Transportation  (USA) 


H-4 


THE  STRATOSPHBIE  1981:  THEORY  AND  MEASUREMENTS 


Du  Pont 

EERM 

EPA 

FAA 

GFDL 

CISS 

GIT 

GSFC 

IAS 

JPL 

KFA 

LaRC 

LI.NL 

MIT 


E.l . du  Pont  de  Nemours  & Co. 
Expertonental  Station 
Wilmington,  Delaware  19896  USA 

M^t^rologie  Nationale  EERM 

Boulogne-Billancourt 

France 

Environmental  Protection  Agency, 
Washington,  D.C.  20460  USA 

Federal  Aviation  Administration 
U.S.  Dept,  of  Transportation 
Washington,  D.C.  20591  USA 

Geophysical  Fluid  Dynamics  Laboratoiy 
P.O.  Box  308,  Princeton  University, 
Princeton,  New  Jersey  08540  USA 

Goddard  Institute  for  Space  Studies 
New  York,  New  York  10025  USA 

Georgia  Institute  of  Technology 
Atlanta,  GA  30332  USA 


Goddard  Space  Flight  Center 
Greenbelt,  Maryland  20771  USA 

Institut  d'Aeronomie  Spatiale 
Brussels,  Belgium 

Jet  Propulsion  Laboratory 
4600  Oak  Grove  Drive 
Pasadena,  California  91103  USA 

Institut  fur  Chemie  der  Kernforschungsanlage  Julich 
Postfach  1913,  D-5170  Julich 
Federal  Republic  of  Germany 

Langley  Research  Center 
Hampton,  Virginia  23665  USA 

Lawrence  Livermore  National  Laboratory 
P.O.  Box  808 

Livermore,  California  94550  USA 

Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts  02139  USA 


MPI-Lindau 


Max  Planck  Institute  fllr  Aeronomie 
Postfach  20,  D-3411  Katlenburg,  Lindau  3 
Federal  Republic  of  Germany 
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MPIC, 

MPI-Mainz 

NAS 

NASA 

NCAR 

NCC 

NESS 

NOAA 

NSF 

NSSDC 

NTIS 

OECD 

OHP 

ONR 

NWS 

R&O 


Max  Planck  Institut  fur  Chan^ 

Saarstrasse  23,  06S  Midnz 
Federal  Republic  of  Gemtany 

National  Acadenv  of  Sciences 
2101  Constitution  Avenue^  N.W* 

Washington,  D.C.  20418  USA 

National  Aeronautics  and  Space  Administration 
Headquarters 

Washington,  D.C.  20646  USA 

National  Center  for  Atmospheric  Research 
P.O.  Box  3000 

Boulder,  Colorado  80307  USA 

National  Climatic  Center, 

Asheville,  North  Carolina  28801  USA 

National  Earth  Satellite  Service 
Suitland,  Maryland  20233  USA 

National  Oceanic  and  Atmospheric  Administration 
Headquarters 

Rockville,  Maryland  20852  USA 

National  Science  Foundation 
Washington,  D.C.  USA 

National  Space  Science  Data  Center 
Goddard  Space  Flight  Center 
Greenbelt  Maryland  20771  USA 

National  Technical  Information  Service 
Springfield,  Vi.ginia  22151  USA 

Organization  for  Economic  Cooperation  and  Development 
Paris,  France 

Observatoire  de  Haute  Provence 
France 

Office  of  Naval  Research,  USA 

National  Weather  Service 
Silver  Spring,  Maryland  20910  USA 


R and  D Associates 
P.  O.  Box  %95 

Marina  del  Rey,  California  90291  USA 


THE  STRATOSPHERE  1981;  THEORY  AND  MEASUREMBSTS 


UK  DOE 

United  King(k>m 
Department  of  the  Environment 

UNEP 

United  Nations  Environment  Program 
Nairobi,  Kenya 

Univ.  of 

University  of  Oxford 

Oxford 

Oxford,  United  Kingdom 

WMO 
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